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PREFACE 

The author's confession of faith is somewhat as follows : 

1. Physics is not a series of disconnected subjects, includ- 
ing Mechanics, Sound, Light, Heat, and Electricity. It is, on 
the contrary, a body of well-organized truth, forming one 
great whole; illustrating, as do few other subjects, what 
Dickens called "the universal dovetailedness of things." It 
is, in fact, the science of matter and energy, the most funda- 
mental of all the physical , sciences, the foundation of nearly 
all branches of engineering. 

2. A science covering fields apparently so diverse, yet so 
intimately connected, demands an elementary treatment which 
shall be rigidly consecutive. When the student passes from 
Mechanics to Sound or from Heat to Electricity, he must not 
feel that he is taking up a new subject. If he does, some- 
thing is wrong; and the .chances are that his memory is being 
trained at the expense of his thinking power. Under such 
conditions he may learn many methods ; he will hardly learn 
the one thing most to be desired, — method. 

Helmholtz, in his autobiographical sketch, makes one re- 
mark of especial significance to every instructor in elementary 
physics. Speaking of his early youth, he recalls that he met 
no difficulty in memorizing the poetry of the great masters 
because " the flow of thought was natural." Now physics, in 
too many of our schools, ranks as a most difficult subject. But 
dealing, as it does, with the familiar phenomena of daily life, 
and requiring, as it does, only a small fraction of the algebraic 
knowledge which the average student has already acquired, 
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the author is inclined to believe that the difficulty lies chiefly 
in the presentation. If the presentation be smooth and if 
"the flow of thought be natural/' the elements of physics 
will not approach in difficulty the first few books of Euclid. 

On the other hand, the author has the utmost sympathy 
with the following remark of Professor Tait concerning his 
text-book on Heat : 

"He who expects to find this work, elementary as it is, 
everywhere easy reading will be deservedly disappointed. No 
branch of science is free from real and great difficulties, even 
in its elements. Any one who thinks otherwise has either not 
read at all or has confined his reading to pseudo-science." 

3. An elementary presentation of physics should begin by 
resuming what might be called the experience of the average 
lad of sixteen years. The number of physical facts which a 
boy of this age has accumulated is astounding. Seldom, 
indeed, does the instructor appeal to him in vain for a veri- 
fication of an elementary fact. The demand, therefore, is not 
so much for new facts, or for sheer facts of any kind, as for 
an orderly arrangement and an ability to use these facts. 

4. The author's experience is that secondary students find 
the use of algebraic language in the definition of physical 
quantities and sometimes in the description of physical facts 
exceedingly helpful, especially when the notation is well 
chosen. 

To illustrate. Velocity may be defined as rate of motion. 
It may be said of this definition, as of almost any other, that, 
if thoroughly understood, it is satisfactory. If, however, 
problems in velocity are to be solved and measurements of 
velocity are to be made in the laboratory, the following defi- 
nition will be found more useful, viz. Velocity is rate of raotion, 
and is measured by the ratio of the distance traversed to the time 
occupied. But a glance will show that this definition defines 
at most average velocity. If we are to define the velocity of a 
falling particle at any point, the above definition must be 
abandoned and something like the following substituted, viz. 
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The velocity of a partMe at any instant, t, is the limit approached 
by the ratio of its change of position to the time occupied, when 
the time interval includes t and approojches zero. 

The essential feature of velocity is that it is a limiting value 
of a certain directed quantity. 

Let us suppose the particle to have the position Pi at the 
instant ti, and the position P2 at the instant t^, and that we 
seek its velocity at a given instant, t, between t^ and t^. Then 
if we employ square brackets to denote "limit" and use the sign 
= to denote '^ approaches," every point in the above definition 
may be summarized as follows : 



\_t^-t^]k=t^ 



A clear definition of this kind is a real acquisition. It serves 
as a pattern for many others, and in the future work of the 
student it will require no doctoring. 

But let it not be forgotten that the algebraic definition should 
come last of all. First the idea must be acquired, then its 
description given in clear English, and, last of all, in algebraic 
short-hand. 

5. The importance of limiting an elementary discussion of 
physics to matters that are really elementary and of avoiding 
mere descriptions Of certain more or less ephemeral forms of 
apparatus cannot be overestimated. 

In the treatment of dynamics, however elementary, it is 
necessary to discuss many quantities which have direction as 
well as amount. If direction be an essential feature of 
velocity, momentum, force, etc.; if a twofold specification 
be necessary for these quantities while a single specification 
describes others; if all these directed quantities are added 
and subtracted according to the same rule ; and if practically 
all students have observed the difference between these two 
kinds of quantities, it would seem helpful to employ the word 
vector to denote directed quantities, and scalar to denote others. 
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These two names aid clear thinking and speaking concerning 
these two groups of quantities. 

Such is the author's apology, should the reader demand one, 
for the introduction of what he believes are the only two words 
unusual in an elementary text-book. 

6. Physics is an experimental science. Its foundations are 
experimental results. With rare exceptions, such as possibly 
Maxwell's Electromagnetic Theory of Light, all important 
contributions to the subject have been made through experi- 
ment. Experiment is the court of highest appeal in all phys- 
ical results predicted by mathematical analysis. To attempt, 
therefore, to teach sound physics and good scientific method 
without laboratory work on the part of the student is to 
attempt the impossible. Accordingly the present volume is 
intended only for use in connection with a course of laboratory 
instruction. 

It will be remembered that, so far as the teaching of science 
is concerned, the one point upon which the Committee of Ten 
were unanimous is that physics and the other sciences should , 

be taught in the same manner to the boy who is preparing for j 

college and the boy who is not. 

In conclusion, I wish to express great indebtedness to my 
friends, Professor C. A. Perkins of the University of Ten- 
nessee and Mr. J. D. Thompson of Chicago, for many valuable 
suggestions. To another friend, Mr. C. E. Linebarger of the i 

Lake View High School, I am under obligations for many ( 

important excisions in the MS. 

To my colleagues. Professor Holgate, Dr. Snyder, and Mr. 
Jakway, I owe thanks for their assistance in various directions. 

I shall be greatly indebted to any reader who will be kind , 

enough to point out sins either of omission or commission, and 
especially those portions of the book which need to be move 
clearly expressed. 

HENRY CREW. 

EvANSTON, Illinois, 

16 May, 1899. * 
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THE ELEMENTS OF PHYSICS 



INTRODUCTORY 

Most students bring with them to the study of physics a 
fairly large experience with the phenomena of nature. Seldom, 
however, is this knowledge orderly, or in a shape in which it 
can be put to the best use. Seldom is the student in a posi- 
tion to employ his present knowledge to predict the behavior 
of nature under circumstances which are to him new. 

The purpose of the study of physics is quite as much to 
furnish the student with a logical and easily remembered 
arrangement of his present experience as to put him in pos- 
session of new facts. In addition to this, the purpose of this 
study, as of all liberal training, is to put the student in com- 
mand of good method for acquiring and interpreting facts 
under whatsoever circumstances and under whatsoever name 
they may be studied. 

Ease of travel in a foreign country depends, in no small 
degree, upon one's acquaintance with the language and the 
geography of the region visited, If, in addition, the traveller 
takes with him some knowledge of the literature and the 
history of the people, much is added to the pleasure of his 
sojourn. 

Circumstances not unlike these confront every student who 
would enter a new field of learning. If he would study Latin 
literature, no real progress can be hoi)ed for until at least the 
declensions and conjugations and a fair vocabulary have been 
acquired. In geometry, he must know some of the axioms, 

1 
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and perhaps a dozen definitions, before he can pursue the 
subject very far. 

In physics, also, must we begin with vocabulary and para^ 
digms, i.e, with definitions and modes of expression peculiarly 
adapted to the description of our experiments and observa- 
tions. The language employed in physics will prove to be 
one of unsurpassed clearness and simplicity. 



1 



I 
1 



CHAPTER I 

MOTION 

1. Since the one aim of physical science is to describe the 
motions of bodies completely and in the simplest possible 
manner, and since a body is a portion of matter made up of 
a number of particles, we shall consider, first, the motion of 
a particle, and later, some of the various kinds of motions 
of various kinds of bodies. 

Most of the motions with which we are already familiar 
are exceedingly complicated. Some are produced by gravitar 
tion; some by changes of temperature; some by electric cur- 
rents. In a volume of this size it will be possible to consider 
only a few of the less complex motions. 

But before one can speak definitely about the motion of a 
particle, he must be able to define its position. 

Position op a Particle in a Plane 

2. When geographers describe the position of a town, they 
assume that the reader already knows the position of some 
point on the earth, which may be called a point of reference. 
Such a point of reference for the surface of the earth is the 
intersection of the meridian through Greenwich with the equa- 
tor. This fixed, the location of a town is definitely described 
when two things are known about it ; viz. its latitude and its 
longitude. Thus the island of St. Helena is in 15° 55' south 
latitude and 6** 43' west longitude. 

A similar method is very frequently used in physics; e.g. 
the position of a point, P (Fig. 1), with reference to another 
point, 0, in the same plane, is described when two mutually 
rectangular straight lines are drawn through the point 0, and 

8 
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the perpendicular distances of the point P from these two 
lines respectively are given. The point is generally called 

the origin. The horizon- 
tal line of reference, OX 
(Fig. 1), is generally called 
the axis of X ] and the 
vertical line of reference, 
OY, the axis of Y. The 
longitude, x, of the point 
'X P is called its abscissa; 
while the latitude, y, is 
known as its ordinate. 
Abscissas are positive 
when drawn to the right 
from the axis of F; neg- 
ative when drawn to the 

Fig. 1.- Showing one method of locating a point J^ft. Ordinates are posi- 

in a plane. • i i -, 

tive when drawn ^upward 
from the axis of X ; negative when drawn downward. 

Navigators and surveyors generally employ a different 
method of locating one point with reference to another in 
the same plane. They give the straight-line distance froin 
the first point to the second ; then they give the direction 



> 


r 

X 


3 






y 











Fig. 2. — A second method of locating a point in a plane* 

of the line joining the points. This method also is very fre- 
quently used in physics. Let (Fig. 2) be the point of refer- 
ence, and OX any direction which we know. There is no 
doubt about the exact position of a particle at P as soon as 
we know the distance 7", between the points and P, and the 
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angle B,* between the lines OP and OX. The angular dis- 
tance 6 we shall always consider positive when measured in a 
direction contrary to that in which the hands of a dock move. 
This direction is called counter-clockwise. In like manner, 6 
is considered negative when measured in a clockwise sense. 
The line OX we may call the line of reference. 

Position op a Particle in Space 

3. If a point on the earth's surface is to be described still 
more completely, we may choose the sea level as a plane of 
reference, and give the altitude of the point. So in physics 
we shall frequently describe a point by locating it first in a 
certain plane as described in the preceding sections, and then 
stating the position of this plane with respect to some other 
plane of reference. It will be observed, that, in general, tJiree 
specijkations are needed to describe the position of one point with 
reference to another. 

Position of a Body 

4. The position of a system of particles, i.e. of a body, is 
completely defined only when the position of each particle of 
the system is known. In many special cases this description 
is immensely shortened. If, for instance, the body be a rigid 
one, that is, one which does not appreciably change in shape 
or size, its position will be fixed when we determine any three 
points of the body not in the same straight line. 

Quantities having Direction. Vectors 

5. The simplest way to think of the position of a point is to 
consider it as completely specified by a straight line running 
from the point of reference to the point under consideration. 

*0, the Greek letter theta. We shall have occasion in this volume 
to use four different Greek letters. The employment of these in mathe- 
matics and physics is now so common that the ability to pronounce and 
write each of them should be acquired on its first appearance. 
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If, in Fig. 3, we know not only the length, but also the 
direction of the straight line OP, we know all that can possibly 

be known about the posi- 
* tion of the particle at P. 

To such a quantity as 
OP, possessing both di- 
rection and amount, the 
name vector has been 
given. This class of 
_j^ quantities includes many 
of the most important 
studied in physics. 

A vector quantity is sim- 
ply one which resembles a 
limited straight line in two 
particulars, viz. in the pos- 
session of direction and of 
numerical magnitude. 
If I wish to change my seat in a room, leaving one chair, A 
(Fig. 4), and going to another chair, C, I may do this in a great 
variety of ways. I may walk north a certain distance from 



Fig. 3. 




Fig. 4. 



one chair, then east a ceii:ain distance to the other chair. Or I 
may walk east a certain distance, then north to the other chair ; 
or I may walk directly from the chair A to the chair C. All 
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of these paths are practically equivalent, for each one leads 
from the point A to the point C, 

Accordingly, vectors are said to be subject to the following 
rule: 

The vector represented by the line AC is equivalent to the 
vectors represented by the lines MB, BC, the points if, B, C, being 
any points whatever. 

This rule describes completely the manner in which vectors 
are added to each other* 

AC (Fig. 4) is said to be the resultant of AB and BC, while 
AB and BG are said to be the components of AG. 



Quantities not having Direction. Scalars 

6. The mere length of a straight line is something which is 
the same in whatever direction the line may lie. The length of 
a straight line is, therefore, not a vector quantity. It is inde- 
pendent of direction. Quantities which do not have direction 
are called scalars. 

Philadelphia is a city 90 miles from New York. This dis- 
tance is a scalar quantity. The information contained in this 
statement tells me only that Philadelphia lies somewhere on a 
circle of 90 miles' radius described with New York as a centre. 
But "90 miles southwest of New York" gives me a vector 
quantity, which locates the position of Philadelphia without 
ambiguity. 

A pound of sugar, three yards of calico, two gallons of water, 
a volume of anything, any amount of matter, are illustrations 
of scalars. 

In the determination of the position of a point we have seen 
that the measurement of a distance is always involved ; some- 
times also the measurement of an angle. The measurement of 
a distance is the comparison of this distance with some standard 
distance which we agree to call unity, A comparison of this kind 
is, indeed, the essential element in all measurement. 
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Unit of Length. Metre. Centimetre 

7. Almost the entire scientific world has agreed to take as 
unit length the distance between two marks on a certain 
platino-iridium bar preserved in the International Metric 
Bureau at Sevres, near Paris. This unit is called a metre. The 
one hundredth part of the distance between these two marks is 
called a centimetre. For many laboratory measurements this 
smaller unit will be found more convenient than the metre. 

It will be observed that .this definition is purely arbitrary, 
a mere matter of convention. The fact that the metre is so 
chosen as to be nearly equal to one ten-millionth of the distance 
from the earth's equator to its north pole is interesting; but 
it does not enter into the definition of the unit of length. 

The student should estimate his own height in centimetres, 
also guess at the length and width of this page in centimetres ; 
and then test the accuracy of his estimates by actual measure- 
ment with a metre stick. 

Angular Position. The Radian 

8. When two straight lines do not coincide in direction, they 
are said to have different angular positions. The difference of 

their directions is the an- 
gular displacement of one 
line with respect to the 
other. This angular dis- 
placement is expressed by 
surveyors and astrono- 
mers in degrees. But 
navigators use "points" 
of the compass, or 11:^°, 
as units. In physics and 
mathematics the unit of 
angle mostly employed in 

Fig. 5. -Unit angle. *^® description and dis- 

cussion of phenomena is 
different from either of these. It is defined as follows: If 
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two straight lines lying in the same plane differ in direction, 
they will intersect. About the point of intersection as centre, 
and in the plane of these two lines, draw a circle. These lines 
are said to include a unit angle when they intercept an arc of 
the circle equal in length to the radius. See Fig. 6. This unit 
angle is called the radian. 

It is evident, since the circumference of a circle is a length 
equal to 2 tt * times the radius, that in one right angle there 

will be one quarter of 2 tt radians, i.e, ^ radians. Compute, 

and on the margin of this page record, the number of degrees 
in one radian. 

Practical Measurement of Lengths 

9. The means of measuring actual distances will be studied 
in the laboratory. Just what method is best must always be 
determined by circumstances. Among these circumstances are 
the following : 

(1) The instruments available. 

(2) The accuracy required. No measures can be made which 
shall be perfectly free from error. 

(3) The accessibility, or inaccessibility, of the points at the 
extremities of the line to be measured. These points may lie 
under water ; they may be enclosed in a glass vessel. 

(4) The time at one's disposal. 

N.B. — The measurement of a distance always implies two definite 
points or areas which, for the time being, may be considei*ed as points. 
For example, the distance from New York to Chicago is 926 miles. For 
ordinary purposes the accuracy of this statement is ample. But as more 
and more accuracy is required, the extremities of this distance, one in 
New York and one in Chicago, must be located with greater and greater 
definiteness. 

Practical Measurement of Angles 

10. This subject will be studied also in the laboratory. 
Here again circumstances determine method. In the descrip- 

* ir, the Greek letter pi. 



10 THE ELEMENTS OF PHYSICS 

tion and discussion of phenomena it has been found most con- 
venient to employ the radian as the unit of angle. But there 
are two objections to the use of this unit in the laboratory, viz. 
(1) it is too large and (2) the angle subtended, at the centre, 
by the whole cireumference of a circle does not contain the 
radian an integral number of times. In fact, the degree and 
the radian are incommensurate. Degrees, minutes, and sec- 
onds, being open to neither of these objections, are universally 
employed in actual measurement. 

Measurement of Areas. Unit op Area 

11. Having settled upon the centimetre as a unit of length, 
the simplest possible unit of area is the area of one square 
centimetre. In consideration of this fact, the unit of area 
almost universally employed in science is the square centi- 
metre. Very seldom, indeed, are areas measured by direct 
comparison with a unit of area. More frequently it will be 
found convenient to measure the linear dimensions of the sur- 
face in question, and, from these, to compute by geometry the 
area of the surface. 



Measurement of Volumes. Unit of Volume 

12. Standards of volume, such as the bushel, the quart, 
the cubic foot, are already familiar. In scientific work the 
cubic centimetre is adopted as the unit of volume; and for 
the same reasons that led to the adoption of the square 
centimetre as the unit of area. An acquaintance with the 
metric system makes the wisdom of this choice at once 
apparent. 

In the case of volumes whose linear dimensions can be 
measured, e.g. a parallelopipedon or a sphere, it is frequently 
more convenient to compute the volume than to measure it 
directly. 
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Change of Position 



I. CcLse of a Particle 



13. Since the position of a particle can always be defined 
by a straight line of a definite length drawn in a definite 
direction, it is evident that, if the particle moves to a new 
position, the new vector describing this new position will, in 
general, differ from the old vector in its two characteristic 
features, viz. in length and in angular position. But this 
position vector may change in length only; in which case 
the particle moves along a straight line. It may change in 
angular position only; in which case we have motion in a 
circle. 

Suppose now that a particle at P (Fig. 6) has moved to a 
point, Q, such that the vector, OPy has changed in length and 
also in angular position. If ^ 

we take the old position of 
the particle, P, as a new 
point of reference, it is then 
clear that the change of posi- 
tion will be described by the 
straight line, PQ, joining the 
new and old positions. 

Evidently, then, we may 
describe the new position, Q, 
of the particle either by giv- 
ing the two straight lines, 
OP and PQy or by simply 
giving the one straight line, 
OQ, For, by either process, 
we definitely locate the new position, Q. 

The upshot of the whole matter is that change of position 
is described in exactly the same way as is position itself; 
namely, by use of a vector. 




Fig. 6. — Change of position in a vector 
quantity. 
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II. Case of a Rigid Body 

14. As has been observed (p. 5), the position of a rigid body 
is fixed when any three points in the body, not lying in the 

same straight line, are fixed. Ac- 
cordingly, we see that the posi- 
tions of bodies change in several 
apparently different ways. 
\ ^^ I ^ I ^^^^ (1) If only two points are fixed 

in the body, as, for instance, a 
wheel and axle held between two 
pivot points, AA' (Fig. 7), then 
the body is free to rotate about 

Fig. 7.— A case of pure rotation. .it-.. ^i. . • . 

the line joining these two points. 
Such a motion is called a pure rotation. A bicycle wheel lifted 
from the ground and spun is an instance. 

(2) It may happen that only one point is fixed in the body, 
as in the case of a walking-stick with its lower end on the 
ground. Here the body is free to rotate about many different 
lines as axes. It may, indeed, rotate about any straight line 
drawn upon the ground and passing through the lower end 
of the stick. 

(3) It may be that no point in the body is fixed, but that 
the body is compelled to move in such a way that each point 
of the body describes a path equal and similar to the path of every 
other point. Such a motion is called a pure translation. It 
occurs in the piston rod of a steam engine. A sled sliding 
to and fro in its own tracks also represents the motion. 

(4) Lastly, a body may be rotated and translated simulta- 
neously. Such a case is represented in the wheel of a bicycle 
while being ridden. 

The student who pursues this subject farther will find that a rigid body 
may be changed from any one position to any other position by simply 
translating it along a certain straight line and rotating it through a defi- 
nite angle about a definite axis. Consequently, the first three cases jost 
considered are special cases of the fourth. Ttoo, and only two, specifica- 
tions are needed to describe the change in position of a solid: (1) the 
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vector which describes the amount and direction of translation ; (2) the 
vector which describes the amount and the axis of rotation. 

The student will find it excellent practice to take a number of the 
more familiar motions of bodies, such as the motion of a student lamp 
from one part of the stand to another, the motion of a book from one 
position to another, and show, in each case, that the motion can always 
be analyzed into two separate motions, one a pure translation and the 
other a pure rotation. 

PROBLEMS 

In the following motions of rigid bodies distinguish clearly which are 
cases of pure translation, which are cases of pure rotation, and which are 
cases involving both translation and rotation. 

1. The motion of a door on its hinges. 

2. The motion of a carriage wheel with reference to its axle. 

3. The motion of a carriage wheel with reference to the road on 
which it travels. 

4. The motion of a rocking-chair as one rocks in it. 

6. The motion of the eyepiece as one focuses a pair of opera glasses. 
6. The motion of the blade, with reference to the handle, when one 
opens a pocketknif e. 

15. It is to be carefully observed that up to this point we have 
been concerned not at all with the history of the body between 
the time of its leaving its old position and the time of its 
reaching its new position : we do not care how long a body 
may have been in changing its position ; nor does it matter 
through what " cause " it may have changed its position. We 
have been concerned only w:ith a method for describing, most 
simply and most completely, the change in position of the 
body. When, however, it is asked how this change occurred, 
we are led to the consideration of Time and Velocity. 

Rate of Change op Position. Velocity 

In the world about us, we find motion to be a state of 
matter which is quite as natural — perhaps even more natural 
— than rest. Displacement may be considered as the result 
of motion. But very often we shall be concerned rather with 
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the rate of motion. Accordingly, we must now consider the 
method of describing a rate of motion, i.e, a velocity. 

When a man buys a railroad ticket from New Orleans to 
Boston, he pays for "displacement"; and, in general, the 
price of a railroad ticket varies directly as the amount of dis- 
placement. But one's choice of a train depends largely upon 
its speed, or rate of displacement. The difference in price 
between a good watch and a poor one depends principally 
upon the rate at which the angular position of the hand 
changes. If this rate is very uniform, the watch is well 
made ; if the hands do not move at a fairly constant rate, the 
watch is poorly made. 

While etymologically the same, the words "rate" and "ratio" 
now have different meanings : the former is a special case of 
the latter. For while " ratio " denotes the quotient of any one 
quantity by another, " rate " is employed in physics to mean 
only the ratio of some quantity to a time. Rate, unless other- 
wise specified, is always an exact synonym of time rate ; time 
always appears in the denominator of any rate. The rate of 
interest is the amount of money one pays for the use of a 
dollar, divided by the number of years he has used the dollar. 
The death rate is the total number of deaths among a thousand 
people during any period, divided by the number of years in 
that period. 

Time. Unit of Time 

16. The mean (i.e. the average) time occupied by the sun in 
one apparent revolution about the earth is universally called 
24 hours. The gg^QQ part of this interval, which is called a 
second, is used by the scientific world as the unit of time. 

Intervals o*f time can be compared with great accuracy by 
means of watches or clocks. 

Definition of Velocity 

17. As we have already learned, change of position is 
measured and described by a vector. In like manner, the 
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rate of change of positionj or rate of motion in any definite 

direction, which we shall hereafter call velocity, is itself a 

vector. 

• 

Velocity op a Particle in a Plane 

IB. Since two independent quantities are required to define 
the position of a particle in a plane, it is patent that change of 
position will generally involve changes in each of these two 
quantities. Let ri (Fig. 8) be a vector describing the first 



^ 



Fig. 8. 



position of a point, and r^ a vector describing the second posi- 
tion of the point. Then the new vector, rj, which describes 
the new position of the particle, will in general have not only 
a different length, but also a different direction from the old 
radius vector, Vi, 

If the particle is at the point Pi at time t^ and at the point 
Pj at time tz, then the change which has occurred in the 
position of the particle during the time t^ — ^i is P1P2. 

P P 
To the rate — ^— ^ is given the name linear speed, or simply 
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Speed 

19. Let us call this speed S ; we may then, by use of one 
simple equation, describe it definitely and completely in terms 
of quantities with which we are already familiar, viz. distance 
and time. Such an equation is called a defining equation. 

or •'l-*2 Defining equation for average 

X 

where x is the distance P1P29 and T is the interval fg — ^i- 

Speed is defined, therefore, as the mere numerical value of 
a velocity. It is independent of direction, and is, therefore, 
a scalar. 

PROBLEMS 

1. Find the average speed, in miles per hour, of a steamer which 
makes the passage from New York to Liverpool, 3032 miles, in 6 days. 

8. A 24-hour train from New York to Chicago, 026 miles, must make 
what average speed ? 

3. A shot travels a distance of 4 kilometres in 10.6 seconds. Find 
its average speed in metres per second. 

4. A speed of 1 foot per second is equivalent to a speed of how many 
centimetres per second ? 

5. A gun is fired at a distance of 1 kilometre ; the report is heard 
3.26 seconds later. From this observation, compute the speed of sound 
in air. 

In general, the speed of a particle varies from instant to 
instant (for example, a baseball on its way from the pitcher's 
hand to the bat) ; so that, if we wish to obtain speed at any 
particular instant t, we must choose tj and ^1 in such a way 
that ti shall be a time very little later than t, and ^1 a time 
very little earlier than t ; then the speed at any instant t will 
be the limit approached by S as ^2 — h approaches zero. 

Q r PiPz^ Defining equation 

o — • for instantaneous JaQ. 1 

\J,2 — ^ijrjisrx value of speed. 
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Here the subscript ^2 == ^1 denotes that ^2 approaches indefi- 
nitely near to ^1. The square brackets denote that the limit- 
ing value of the fraction is to be taken. 

Speed is, therefore, really a limit The conception of a limit 
is something which each student should bring with him from 
a study of elementary geometry; or, not having acquired it 
there, he should now master it once for all, since the idea 




1 Fig. 8. 



is one which is absolutely essential even in the most elemen- 
tary physics. 

If, in Eig. 8, the particle had moved in the same length 
of time to any other position, P3, equally distant from Pj, its 
average speed would have been unchanged j for 



£2 — '1 *2 — ' '1 



If a particle be moving with a constant speed S^y we may 
use the defining equation for computation of any one of the 
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three quantities involved as soon as the other two are known ; 
thus ^ 

x = ST, 

are all useful forms. 

20. Having adopted the centimetre as the unit of length 
and the second as the unit of time, we have no trouble in 
settling upon the proper 

Unit op Speed, 
viz. a speed of one centimetre per second. 

Velocity op a Particle 

21. It is evident, from preceding examples, that speed alone 
is not suflBcient to determine the rate at which a point is changing 
position. We must know also the direction of the line PiP^ in 
order to tell exactly what the new position of the point, P^ is. 

If, for instance, the direction of motion is parallel to that of 
the axis OX, then the new position, Pj, is completely defined 
by the radius vector OP^, as indicated in Eig. 8. If, however, 
the direction of motion is parallel to OY, then the new position 
of the particle is defined by the radius vector OPg. 

Since the speed of a particle depends merely upon distance 
and time, and is quite independent of direction, it is as we have 
seen a scalar quantity. 

But the velocity of a particle is described only when both its 
speed and the direction of its motion are given. Velocity is, there- 
fore, a vector quantity. To illustrate : 

"A boat leaves her pier and steams in a straight line at 
a speed of 10 miles an hour for 3 hours." From this infor- 
mation, all that we know of the boat's position is that she now 
lies somewhere on a circle of 30 miles' radius, having the wharf 
for centre. If, however, her velocity had been given by saying 
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that "she steamed for 3 hours at a 10-mile rate in a north- 
easterly direction," her present position would be accurately 
known. Velocity is, accordingly, defined as the time rate of 
change of position of the particle. Or, in terms of algebra, 



r w . 

^2 - ^ J..^. 



So much for a particle urged by one single velocity. It 
often happens, however, that a particle has impressed upon it 
two different velocities at the same time. 

If a man be sitting in a moving street car, his motion with 
respect to the earth is directly along the rails. If, however, 
he change his seat to one directly opposite, on the other side 
of the car, his motion with respect to the earth, as he walks 



i— >RAIL 



Fig. 9. — Addition of velocities. 

across, the car, is not along the rails, nor across the rails, but 
in a diagonal direction, AC, as indicated in Fig. 9. AB is a 
vector which indicates the velocity of the car ; BC is a vector 
which represents the velocity of the man with respect to the 
car. These vectors are added as are all other vectors; and 
AC is said to be the resultant velocity of the components AB 
and BC AC is, therefore, the vector which represents the 
man's motion with respect to the earth. 

PROBLEMS 

1. Represent by a diagram the velocity of a boat which is being rowed 
east, at the rate of 4 miles an hour, while the current is caiTying it south 
at the rate of 1 mile an hour. 

8. A wheelman is riding north at the rate of 8 miles an hour against a 
head wind which is retarding him at the rate of 2 miles an hour. What 
speed would he make if there were no wind? 
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8. What speed would this same wheelman make if he turned around 
and rode with the wind ? 

4. A canal boat is towed at the rate of 3 miles an hour. How fast 
must a man walk its deck in order that he may remain at rest with respect 
to the towpath ? 

Velocity op a Body 

22. We leave now the discussion of a particle and pass to the 
consideration of an extended body, i.e. of a body whose dimensions can- 
not be neglected in comparison with other quantities involved. And 
since we have found (p. 12) that any change in the position of a body 
can be defined by not less than two vectors, a translation and a rotation, 
it follows that the rate at which a body changes position will require 
for its description two velocities. 

If the motion of the body is one of translation only, it is the same as 
that of a car along a straight piece of railroad ; the linear velocity is the 
same for every particle in the car ; and this velocity is completely 
described when the speed of any one point on the car and the direction 
of the track are given. 

But suppose the car is placed on a turntable (Fig. 10), and the table 
then made to rotate ; particles near the end of the car will move rapidly. 




Fig. 10. 

those near the centre will move slowly. In general, the speed of a par- 
ticle will vary as the distance from the axis of the turntable. How shall 
we describe a motion which is apparently so complicated ? This is very 
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easily done when we recall that the only quantity changing is the angular 
position of the car, and that this change is the same for every part of the 
car. 

Imagine this car to have turned through an angle of d radians. 

Consider next any horizontal line drawn in the car, the back of a seat, 
or the edge of a window sill ; each has been turned through the same 
angle, 0, Indeed, the new position of the car is definitely fixed, when 
the motion is one of rotation only, by saying that the axis of rotation is 
vertical^ the amount of rotation, $. The rate at which the angle varies 
with time is called the angular speed of the car. 

Angular Speed 

And, in general, if 0i be the angular position of any line in a body at 
time ^1, and 02 its angular position at time t2, then its average angular 
speed, w,* is defined and completely described by the following equation : 

$2 — $1 Defining equation 

» = — • for average an- 

'2 ~ *1 gular speed. 

Unit angular speed is evidently that with which a body must rotate in 
order to describe one radian per second. 

Students frequently make the mistake of defining angular speed as 
number of revolutions per second. Its correct value is 2 ir times this 
number. 

If, instead of the average angular speed, we wish to measure the 
actual angular speed at any particular instant, we must then take the 
average speed over an indefinitely small interval of time, including this 
particular instant. This operation is indicated in the following notation : 



w 



[^2 -— ^i"l Defining equation for 
— • angular speed at Eq. 2 
ti — tiJt^^^ any instant. 



PROBLEMS 

1. In the case of a watch, compute the angular speeds of the second 
hand and the hour hand, respectively. >! ^ H ^ 

^** 30 *" 2I6OO' 

2. What is the angular speed of a bicycle wheel making 30 revolutions 
per minute ? Ans. tr radians per sec. 

* w, the Greek letter omega. 
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8. The front wheel of a bicycle is 28 inches in diameter. Find the 
angular speed of the wheel about its axle when it is ridden at the rate of 
12 miles per hour. Ans, 16.08 t radians per sec. 

Angular Velocity 

23. The numerical value of u (in Eq. 2) and the direction of the axis 
about which the rotation occurs are the two specifications which describe 
any angular velocity at the instant t, where ti<t<, 1%. It is evident then 

that one specification is sufficient to define 
angular speed, but two specifications are 
required to define angular velocity. 

The graphical representation of angu- 
X lar velocity is quite as simple as that of 
linear velocity ; for we have only to lay 
off along the axis of rotation as many 
units of length (centimetres) as there are 
radians per second in the angular speed. 

With this convention, the straight line 
OX (Fig. 11) completely represents an 
Fig. 11. — Representation of angruiar angular velocity ; for its length measures 
velocity by a straight line. the angular speed and its direction is the 

direction of the axis of rotation. 
The rate at which the angular velocity of the earth is changing is 
fairly well known ; for its axis changes direction at a constant rate and 
describes a complete circle in the sky once in every 26,000 years. No 
variation in the angular speed of the eaith has, however, certainly been 
detected ; although it is well known that the friction of the tides must be 
slowing up the earth to some slight, though as yet unmeasurable, extent. 
This phenomenon is beautifully illustrated by spinning any heavy top. 

PROBLEMS 

1. How may the ordinary peg top be used to illustrate the case of 
a body having a constant angular speed, but at the same instant a vari- 
able angular velocity ? 

8. Show that the fly wheel of an engine, when the steam is cut off, 
illustrates an angular velocity which is uniform in direction, but variable 
in speed. 

8. What is the aim of the clockmaker, to produce an instrument 
which will give constant angular speed or constant angular velocity ? 
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Kelation between Linear and Angular Speed 

24. Consider any point, P (Fig. 12), in a body rotating aboat any 
fixed axis, a wheel on its axle, for instance. Let the perpendicular dis- 
tance of this point from the axis of rotation 
be r. If the angular speed of the body is «, 

2ir 
it will rotate once in — seconds. 

But, while the body performs one rota- 
tion, the particle at P has moved over a dis- 
tance of 2 irr. 

Its average linear speed is, therefore, 

Distance 2 irr 



Time 



(v) 



=zrw = S, 




Figf. 1 2. — Relation between 
linear and ang^ular speed. 

The angular speed of the body, and the 
linear speed of any particle on it, are, therefore, related by the following 
equation, „ ^ ^ 

PROBLEMS 

1. A boy attaches a small stone to the end of a string which is 80 centi- 
metres long, and then swings it about his head at the rate of 3 turns per 
second. What is the linear speed of the stone in centimetres per second ? 

2. The belt of a driving pulley travels at a speed of 15 metres per 
second. The pulley rotates 10 times per second. Assuming that the belt 
does not slip on the face of the pulley, compute the diameter of the pulley. 

An8, . — centimetres. 



Bate op Change or Velocity. Acceleration 

25. If all the motions we meet in nature had velocities which 
were uniform in both direction and amount, the vocabulary 
of physics would be even smaller than it now is. Although 
the behavior of a good clock, or the rotation of the earth on 
its axis, are marvellously close approximations to constant 
speeds, it is an interesting fact that no instance of perfectly 
constant speed has yet been discovered in nature or invented 
by man. And as to a constant velocity y even a rough approxi- 
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mation to it for a short time is very diflB.cult ; e.g, a freight car 
coasting on a straight track so inclined as to balance friction 
would move with a speed only approximately constant; a 
small raindrop in quiet air probably soon reaches a limiting 
and fairly constant speed ; the descent of the " driving weight '* 
on a clock is interfered with by irregularities of friction and 
imperfections of mechanism. It is only approximately uni- 
form. 

Definition of Acceleration 

26. If the velocity of a particle is not uniform, this must be 
either because its speed is changing or because its direction is 
changing, or both. 

When either or both of these changes occur, i.e. when the 
velocity of the particle is changing, the motion is said to be 
accelerated (ad -\- celero). 




Fig. 13. 



If the vector OPi (Fig. 13) represents the velocity of the 
particle at a time t^, and the vector OP2 represents it at a time 
fj, we know from the properties of vectors that the total change 
in velocity during the interval tz — ti is represented by the vector 
Pip2' In other words, the straight line joining Pi and P2 is as 
many centimetres long as there are units of speed in the 
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increment of velocity PiP^- Not only so, but the direction of 
this straight line is the same as that of the added velocity. 

To the rate, — ^— ^, has been given the name acceleration. Let 

us denote this acceleration by a, the change in velocity by s, then 
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Q^ — _ •* H 2 ^ Defining equation for avtragt 

t^ ^ti «2 — ^1 acceleration. 

Acceleration, then, is simply the rate at which the particle is 
gaining or losing velocity. This rate is not always constant; 
consequently, the average acceleration will depend in such a 
case upon how long an interval, t^—t^^ is covered by the average. 
In order to get the actual acceleration at any particular point 
of time, <, we must take the average over an indefinitely small 

interval of time, including t 

• 

[P.P^ "1 r « 1 Defining equation for 
— = I I acceleration at any Miq. J^ 
h — ^lJ«2=^iL^2 — ^lj'a='i instant, t. 

Acceleration is really, therefore, a limit, viz. the limit ap- 
proached by the ratio between an increment of velocity and the 
corresponding increment in time. 



Unit op Acceleration 

27. From this " defining equation," our unit of acceleration 
is obtained exactly as we obtained our unit of velocity, viz. we 
make each of the terms in the right-hand member unity, then 
a must be unity. We thus arrive at the following definition, 

Unit acceleration is that which will produce unit change of 
velocity in unit time. 

Acceleration of a Particle 

28. Under this head we shall consider two special cases 
only. 
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Case I. Kectilinear Motion op a Particle 
Direction of Velocity Constant; Speed Variable 
29. If, ill Fig. 14, the velocity of a particle be changed from 



OPi to OP2 (the points 0, Pi, P„ all lying on the same straight 

line), then the accelera- 
tion results from a change 
of speed only. Here the 
acceleration is in the 
same direction as the 
motion of the particle. 

Let us imagine that 
the speed of a particle 
changes from OPi to OP2 
in any interval of time, 
Ty and that, throughout 
the motion, the acceleration is constant. In this special case, 
the only one we can study in these pages, the average accelera- 
tion and the instantaneous acceleration are the same ; each is 
measured by the following expression : 




Flgr. 14. 



a = 



_ AA 



*• — *i 



or 



T 



where s is the speed gained during the interval of time, T. 
The total gain of speed during any time, T, is therefore given 
by the following expression : 

s = aT. 

If, now, we happen to know the speed of the particle at the 
beginning of the interval and call it Sq, then the actual speed 
at the end of the interval will be the original speed plus the 
speed gained, viz. : S =z S -\- ^ 

or S = So-{- aT. Eq. 5 

This equation is very useful; for it not only describes the 
variable speed S at each instant of time, but it enables us to 
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compute the value of any one of the four quantities involved 
as soon as we know the other three. 
In case a particle loses speed, then we have a negative value 

for Sy and hence a negative value for a in the equation, a = 






T is always positive. 

Not infrequently we shall want to know something more 
about the motion of the particle than is contained in the pre- 
ceding equation. We often want to know what the position 
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Fig. 15. 



of the particle is after a certain interval during which its 
motion has been accelerated. 

If a is a constant, then the gain in speed as time goes on 
will be proportional to the time 

s = aT, 

And the mean speed of the particle from the beginning to end 
of the interval is the value of the speed at the middle of this 
interval, viz. the speed represented by the line LM, in Fig. 15; 
but this speed is, by definition, the mean of So and So + aTy 

which is ^o + -;r- 

Having now reduced this variable speed to an equivalent 

average speed, we can at once compute the distance traversed, 

for (p. 18) 

^^ ^ x^ST^{Bo-\-\aT)Ty 

or x^SoT-\-\aT^, Eq. 6 
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For the special case which we are considering, viz. motion 
in a straight line, this equation, together with equation 
S = So-\-aT (p. 26), tells the whole story. One gives us the 
speed of the particle when we know the acceleration and the 
duration of its action; the other gives us tiie change in 
the position of the particle. 

If between these two equations we eliminate T, we get a 
useful expression giving us the speed of a particle in terms of 
its acceleration and the distance traversed. Let us suppose 
the particle at rest when the acceleration begins, then 

FromEq. 5, T = -. 

a • 

FromEq. 6, T=:J—. 

^ a 

Whence ^ = -y^, 

a ^ a . 

or S^ = 2ax. 

The three following equations tell us practically all we want 
to know concerning ordinary motion in a straight line. 

S^ = 2ax. 

Having given any two of the four quantities involved, x, T, 
a, and S, we are at once able to compute the other two. 

If the initial speed of the particle be Sq, then these three 
expressions assume the following forms : 

S=So-}-aT. Eq.5 

x = SQT-\-\aT\ Eq.e 

S" = S^^ -\- 2ax, Eq.7 
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To solve any problem in this subject, we have merely to 
observe which of the above quantities are given, which is re- 
quired, and lastly, which of these equations contains the known 
and unknown quantities. We have then this one equation to 
solve for the unknown quantity. 

PROBLEMS 

1. A bicycle and rider start from rest at the top of a hill. At the 
end of 16 seconds the foot of the hill is reached with a speed of 640 centi- 
metres per second. Find the average acceleration of the wheel during the 
descent of the hill. Here S^ So, and T are given. Ans. a = 40. 

2. Having computed the acceleration, use this and the speed at the 
foot of the hill to compute the length of the hill. Ans. x = 61 • 6 metres. 

8. A train running at 36 kilometres per hour is stopped by a sudden 
application of the brake. What acceleration must be produced by the 
brakes in order to stop the train in 8 seconds ? Here, again, S, So, and 
Tare given. Ans. a = 125. 

4. When steam is turned on again, a constant acceleration of 50 C. G. S. 
units is produced. How long will it be before the train has again 
acquired its original speed of 36 kilometres per hour ? Ans. 20 seconds. 

6. Over what distance will this train have travelled while coming to 
rest in the third problem ? Ans. 40 metres. 

6. How far will the train travel while again acquiring its original 
speed in the fourth problem ? Ans. 100 metres. 

7. A football player running north at the rate of 8 metres per second, 
reverses his velocity and in an interval of 2 seconds is again running, this 
time south, with a speed of 8 metres per second. Find his mean accelera- 
tion during the interval. Ans. a = 800. 



Case II. Uniform Motion in a Circle 
Direction of Velocity Variable; Speed Constant 

30. If, however, in^g. 14, the velocity of a particle be 
changed from OP2 to QP3, where the vector OP3 is constantly 
equal in length to OP2, there is no change in speed; but there is 



30 



THE ELEMENTS OF PHYSICS 



a change in the direction of the velocity. The motion is, therefore, 

accelerated. 

Such a motion takes place when a particle moves in a circle 

at a uniform speed. It is 
approximated in the fol- 
lowing instances: when 
a boy whirls about his 
head a small mass at^ 
tached to the end of a 
string; a small particle 
of gravel sticking to the 
wheel of a bicycle in 
motion; the earth in 
its revolution about the 

sun; the motion of the moon in its orbit about the earth; 

each particle which goes to make up the fly wheel of an 

engine. 

In each of these cases, let us consider the centre of the 

circular path, (Fig. 16), as a fixed point of reference. And 
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let US draw a straight line from to the point where the 
particle lies when we first begin to observe its motion. Call 
this line OX. 

31. For a clear understanding of this motion it is next 
essential that the student distinguish carefully between the 
position, the path, and the velocity of the moving particle. 

The position of a particle P, at any instant, t, is completely 
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given when we know the radius which joins the particle and 
the centre, 0, at that instant. 

Definition op Path 

By the path of a particle is meant the line made up of the 
successive positions of the particle. Mathematicians describe 
such a line by saying that it is the locus of the successive 
positions of the particle. 

The velocity of the particle at any instant is evidently in 
the direction of the tangent of the circle at the point where 
the particle is at that particular instant. 

Imagine the particle at any time to be at the point P, in 
Fig. 16. The direction of the velocity will there be perpen- 
dicular to the radius OP,, And the same is true at any other 
instant, viz. in circular motion the vectors which represent the 
velocity and the position of 
the particle are always at 
right angles to each other. 

If we wish to represent com- 
pletely the velocity, we must ^ i 
choose for the constant length 
of this tangent line as many 
centimetres as there are units- 
in the constant speed of the 
particle. 

In Fig. 17, let P^, P^, Pg, 
etc., represent positions of a pjg 17. 

particle at small intervals of 
time, t Imagine the particle to be moving with uniform 
speed in a circle. OFi, OF2, OFs, etc., may then represent the 
velocities of the particle in its positions Pi, P2, P3, respectively. 

32. We can now determine at once the acceleration of the 
particle. For the total change in velocity — remember there 
is no change at all in speed — during the interval, t, is com- 
pletely represented by the line F1F2. For F1F2 is the velocity 
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whic h must be added to the velocity OVi to give the velocity 
OV2. And hence, by definition, 

acceleration of the particle = i^ii^. 

If we imagine the interval, t, very small, it is evident that 
the acceleration, at each instant, is perpendicular to the velocity 
at that instant ; or, what is the same thing, the acceleration is 
parallel to OPi, OP^ OP^, in succession; and is always from 
the circumference toward the centre. 

Knowing the direction of the acceleration, we have only to 
find the amount of it. 

And this is easily done; for, if the radius OP^ (Fig. 17) 
makes one revolution in T seconds, its angular speed, w, is 

— • Consequently, the linear speed of P,, which we may call 

S, is Ri^ = R(^^. 

-Ko) is, therefore, the numerical value of the length of the 
vectors OFi, OV^i etc. Since the vector OVi keeps always just 
90° ahead of the vector OPi, it is plain that the angular speed 
of OVi is also cu. 

The distance F1F2, traversed by the point Vi in t seconds, 
is therefore Rta • ait. 

Acceleration of any point ) _ F1F2 __ (aR » mt _ 21? r;^ o 

Pi moving in a circle ) t t 

R 

= iaS 
2irS 

27rRo) 

■" T 

We have now a complete description of the motion of a 
particle which moves with uniform speed in a circle. The 
student should be able to put into words the meaning of each of 
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the five different forms of Eq. 8. For example, the second form, 
a = — -, says that " the acceleration of a particle moving with 

uniform speed in a circle is constant, and is numerically equal 
to the linear speed of the particle squared and divided by the 
radius of the path." 

Addition of Accelerations 

33. Since all accelerations are vectors, they are added 
according to the rules given on p. 7 for vector addition. 

Summary of Principal Facts concerning Motion 

IN General 

34. Position is a vector quantity. 

Vectors are defined only when their direction and magnitude 
are given. 

Extended bodies have angular as well as linear position. 

Motion consists in change of position. 

Linear velocity is the rate at which linear position is 
changing. 

Angular velocity is the rate at which angular position is 
changing. 

Velocity is a vector quantity ; speed a scalar quantity. 

Velocities are added together in same measure as are all 
other vectors. 

Linear acceleration is the rate at which linear velocity is 
changing. 

Two important special cases in motion of a particle : 

Case I. Direction of velocity constant ; speed vanable. 

Case II. Uniform speed in circle. Direction of velocity vari- 
able; speed constant 

Acceleration toward centre = (o^M = — 

E 
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SIMPLE HARMONIC MOTION 



Case I. Linear Motion 
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35l There is another motion with which all students, kven 
beginners, are already familiar in a general way ; but which 
few beginners are able to describe in a manner in- 
telligible to others or useful to themselves. This 
motion is typified by that of a particle, P (Fig. 18), 
supported by a vertical spiral spring, and vibrating 
freely in a vertical straight line. The motion of any 
point on a guitar string which has just been plucked, 
and let go, furnishes another illustration of this mo- 
tion. If a body be suspended by a rubber band and 
then slightly displaced up or down and suddenly 
released, its motion also will be that which we are 
about to study. 

In each of these cases observe that, when the body 
vibrates freely, 

(a) The motion is one of translation ; because the 
particles of the body describe equal and similar paths. 

(b) The path is a limited straight line. 

(c) The particle moves most rapidly at the middle of its path, 
and comes to rest at each end of its path. 

(d) The motion gradually dies down, unless kept up by some 
" outside '' means. 

Such would be a popular and qualitative description of the 

motion. 

Case II. Angular Motion 

36. In the case of solid bodies having a fixed axis of rota- 
tion, we frequently meet a very similar motion, and one with 
which, again, all students are familiar in a general way. 

35 
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The pendulum of a clock is approximately a rigid body, 
whose angular position is constantly changing. It typifies the 
motion we are about to describe. The motion of the balance 
wheel in a watch movement also illustrates the motion under 
consideration. If a slender lath be clamped at one end, while 
the free end is pulled aside and suddenly let go, this free end 
will vibrate with practically the same motion as that of a pen- 
dulum left to itself. 

Observe that, in each case, when the body vibrates freely, 

(a) Its motion is an angular one. 

(b) The amount of swing (angular displacement) never ex- 
ceeds, in any one case, a certain limited angle. 

(c) The angular speed is most rapid at the middle, and ceases 
altogether at the end of the swing. 

(d) The vibration gradually dies down, unless kept up by 
some means external to the system we are studying, as, for 
instance, by the weight of the clock or the coiled spring of the 
watch. 

These two motions, the linear and the angular, are each 
called Simple Harmonic Motions; and are often indicated by 
the letters S, H. M, 

The student should note here, once for all, that a mere name 
of a physical quantity or phenomenon, such as the above, while 
exceedingly convenient, does not define it. We now proceed 
to the exact 

Definition of Linear Simple Harmonic Motion 

37. Imagine a point, P (Fig. 19), to move with uniform speed 
in the circumference of a circle. Imagine any diameter drawn 
in the circle. And from the point P, in each of its successive 
positions, imagine a perpendicular let fall upon this diameter. 

The motion of the foot of this perpendicular, H, to and fro 
along the diameter, is a Simple Harmonic Motion. 

It is evident that the speed of the point H near either end 
of the diameter will be much less than at the centre, 0. In 
this respect, the motion of H is like that of a pendulum bob. 
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The same definition may be put more elegantly, as follows : 
Simple Harmonic Motion is tlie projection of uniform circular 
motion upon a diameter of the 
circle. We shall presently 
see that this motion can be 
accurately described (de- 
fined) in a manner even 
simpler than this. 

The student frequently 
confounds simple harmonic 
with circular motion; and 
should, therefore, at this 
point, carefully distinguish 
between these two motions. 
The CLCtual motion of one 
of Jupiter's moons is very 
nearly circular; while its 
apparent motion is practically simple harmonic. 




Fig. 19.— Simple Harmonic Motion. 



Circle of Reference 

3& The circle in which we have imagined the point (P, Fig. 19) to 
move with uniform speed is called the circle of reference. We shall 
employ the centre of this circle, O, as our point of reference. 

39. The radios of this circle, A, is called the 



Amplitude of the S. H. M. 

The propriety of this name is evident when one considers that this 
radius measures the maximum distance to which H can recede from in 
either direction. 

Period of S. H. M. 

40. Let us denote by So the uniform speed of the point in the circle 
of reference. This point will then make one complete revolution of the 



circle in 



2rA 
So 



seconds. This interval of time, generally denoted by T, is 



a constant, and is called the Period of the S. H. M. It is simply the 
time occupied in one round trip of the point H to and fro across the 
diameter of the circle. 
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41. The angular position of the radius vector, OP, at any instant, t, 
is measured by the angle (Fig. 20), which this radius makes with the 
line of reference OX. This angle, 9, expressed in radians, is called the 
Phase of the S. H. M. at the time L 

Imagine the point to start from D, at the time t = 0, and move about 
the circle of reference in a counter-clock, i.e. in a positive, direction ; the 




LINE OF REFERENCE FROM WHICH 



ANGLE AND TIME ARE MEASURED 



Fig. 20. 



phase will increase from to 2r; but if the motion is clockwise, i.e. 
negative, the phase will vary from to — 2 ir. Evidently, then, the phase 
of the motion may vary between -f 2 ir and — 2 ir. 



Displacement of S. H. M. 

42. The point which is actually momng with S. H. M. is represented 

by Hi in Fig. 20. The distance of this point, at any 
instant, from the centre of the circle of reference is 
called the Displacement. We shall denote this dis- 
placement, OHy by X. Then, in the right-angled tri- 
angle OPHy it is evident from the definition of a 
cosine * that 




X 



H that is. 



cos ^ = _ ; 
A 

x — A cos d. 



* The displacement is then simply the vertical pro- 
jection, 0-0, of the radius, OP^ upon the diameter at 
any instant. For the cosine of any angle, d (Fig. 21), 
is simply the factor by which we must multiply the 
length of a line to find its projection upon a second 
Fig. 21. — iiiustrat- line making an angle B with the first line. 

ingf the definition 
of a cosine. 
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But by definition « = -(?. £1), and bence 

t 

X — A cos (at. Eq, 9 

Tbis equation tells us the whole story concerning the displacement. 
Every possible value which x can assume is given as soon as we know 
the value of i, and the constants A, and w. For any S. H. M. when 
time and angle are each measured from the same line of reference is com- 
pletely described, when the following four things are told about it : 

(1) The amplitude, A, i.e. the radius of the circle of reference. 

(2) The period, T ; or, what is the same thing, u ; for u = -=. 

(3) The phase, at any time, t. 

(4) The direction of motion of the point P in the circle of reference, 
i.e. the sign of cu must be given. 

These having been given, nothing can be added that will make the 
description more definite. 

Linear Acceleration of S. H. M. 

43. In our previous study of circular motion, we found that 
whenever a particle moves in a circle with uniform speed it is 




Fig. 22. Acceleration of S. H. M. 

always accelerated toward the centre. The amount of this 
acceleration we found (p. 32) to be (i?A, 

The acceleration of the point P is then completely repre- 
sented by the vector W (Fig. 22), the length of which is ii?A 
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centimetres, and which is drawn from O in a direction exactly 
coinciding with that of the radius drawn from F to O. 

A sometimes more useful way of describing the direction 
of the acceleration is to say that its phase is 180° ahead of the 
displacement ; so that its phase may be written (oit + ir). So 
much for the behavior of the point P. 

The acceleration of the point H, the real particle in motion, 
is to be found by takinjg the projection of 0[V on the diameter 
OX Let us denote this projection by a, and measuring time 
and angle from the same axis, OX, then 

= cos (arf -f ir) ; 



OW 

and since 0W= a? A, we have 

a = a? A cos (id 4- ir). 

But the addition of 180° (tt radians) to any angle does not 
alter the numerical value of its cosine ; it does, however, change 
the sign of it. Accordingly, 

a = —i^A cos mU Eq, 10 

The original constants A and ai serve then to tell the whole 
story of the acceleration. 

And since we have already found the displacement to be 
A cos id, it is evident that the acceleration is proportional to 
the displacement, and opposite in direction. This may be 
stated algebraically by eliminating A cos id between equations 
9 and 10. 

We have then a = — i^x, Eq, 11 

which expresses more elegantly the fact stated in the preceding 
paragraph. 

This equation shows us, when we know the displacement of 
any S. H. M., how to obtain the corresponding acceleration. 

Criterion of Linear S. H. M. 

44. Indeed, we employ this equation to determine whether 
a motion is simple harmonic or not. 
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For, by an inverse process, it can be shown that the converse 
theorem is true ; that is, if 

acceleration ,. , . 

= a negative constant, 



displacement 



then we always have a S. H. M., and hence vibrations of equal 
period. 

Equation 11 gives us also an exceedingly useful expression 
for the period of a S. H. M. For, since 



<0 



= \ — -) we have -7^ = \/— -; 

T=27r\/^-. Eq. 12 

If — n. 



or 

a 



PROBLEMS 

1. Show, either graphically or algebraically, that when the particle H 
(Fig. 22) passes the centre and has its maximum speed, the acceleration 
is zero. 

2. Show that when the particle H (Fig. 22) reaches the end of its 
swing and stands still, the acceleration is a maximum. 

3. In the S. H. M. 

aj = 24 cos 8 1 ; 

find the displacement, speed, and acceleration at the end of — seconds. 

Ans. X = 0, speed = 192, a = 0. 

4. In the S. H. M. 

X = 2.5 cos 3 1 ; 

show that the constant ratio between the acceleration and the displacement 
is -9. 



CHAPTER III 

SOME OENERAIi PROPERTrBS OF MATTZOt 

45. As one casts about in this world he very early discovers 
that certain forms of matter are endowed with certain remark- 
able properties, including the ability to assimilate food, the 
power of reproduction, sensibility, etc. Such matter is called 
living matter^ and forms the subject of study for the natural 
sciences. All other matter is said to be inanimate ; and it is 
with this, especially, that the physical sciences have to do. 

But physics does not deal with all the phenomena of dead 
matter. There are certain pieces of matter which are so dis- 
tant from us that they can be studied only by specially de- 
signed instruments, such as the telescope; accordingly the 
study of the sun, moon, planets, etc., is carried on under a 
special department of physical science called Astronomy. 

In like manner, those phenomena of matter which involve a 
change in its composition are considered under the head of 
Chemistry. 

Those properties of inanimate matter which are not con- 
nected with a change in their chemical composition are then 
the especial subjects of study pursued under the head of 
Physics. 

Up to this point we have been considering some of the 
motions of particles or bodies, and have confined our atten- 
tion entirely to the motion, not at all to the moving object. 
We next proceed to study some of those properties which all 
pieces of matter have in common ; properties possessed alike 
by bodies at rest and by bodies in motion ; and by bodies of 
every possible chemical composition. Properties of this kind 
are called general properties. 

42 
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We shall consider four of these, viz. Inertia, Gravitation, 
Capacity for Energy, and Elasticity. Afterwards we shall 
investigate some of the special properties of inanimate matter, 
such as hardness, magnetic quality, transparency, color, and 
we shall then see how these special properties are employed 
to classify the different kinds of bodies. 

Matter is something with which we are familiar in a general 
way from our earliest years ; on the other hand, investigators 
in physical science have spent centuries in studying the 
various peculiarities of matter, and have not yet succeeded in 
defining it in terms of anything simpler. 

I. INERTIA. 

46. When one sees a barrel rolled along the street, he can 
always tell whether it is empty or is filled with something 
that has considerable weight. The empty barrel rebounds to 
a greater extent as it passes over a small stone, and is more 
easily turned aside from a straight course. 

Even a wagon drawn by a team behaves so differently when 
empty and when loaded that an observer does not need to look 
into the box of the wagon to see whether it contains a load 
or not. 

Imagine three balls, each six itiches in diameter, each 
painted black, one a rubber football, one a wooden ball from a 
bowling-alley, one an iron cannon-ball. Imagine them all 
started rolling with the same speed over a moderately smooth 
sidewalk. Any boy or girl can tell instantly, by observing 
the behavior of the three balls, which one is filled with air, 
which one is made of wood, and which one of iron. 

Everybody knows that the empty barrel is more easily set 
in motion than the full one, and that it is more easily stopped 
than the full one. Any one can tell, by kicking the barrel, 
whether it is full or empty. In like manner, any one can go 
up to the three black balls, each of the same size and color, 
each at rest on the ground, and can distinguish, by a push 
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with the foot, the iron ball from the wooden ball, the wooden 
ball from the football. But just how is one able to arrive so 
quickly at the correct conclusion ? The answer is that every 
one knows from his previous experience with matter these two 
facts: 

(1) That it requires an effort to put matter into motion 
when the matter is already at rest; that it requires an effort 
to stop matter after it has once been set in motion. 

(2) That the amount of effort required is in each case greater 
when the amount of matter is greater; and less when the 
amount of matter is less. 

The first of these general facts is described by saying that 
all matter possesses inertia. Now, inertia is simply the Latin 
word for laziness ; but the " laziness " of matter is peculiar in 
this respect, namely, that matter hesitates as much to stop 
when once in motion, as to start when once at rest. 

What experience of your own can you cite to show that 
liquids, as well as solids, possess inertia ? 

Make a diagram of a simple experiment to show that air has 
inertia. 

In all the experience of the human race no exception has 
been found to the statement that all matter possesses inertia. 
How, then, shall we explain the fact that a marble started 
rolling on a level blanket so soon stops ? Here the blanket 
forms a slight hill in front of the marble, and hence, exerts an 
effort, so to speak, against the marble. But suppose the marble 
put into motion on a smooth level table ; here the marble rolls 
much farther before it stops ; but the very slight roughness of 
the table is sufficient shortly to bring the marble to rest. The 
effort which a sheet of level plate-glass can oppose to the 
motion of the marble is slighter still, yet sufficient to stop 
the marble by and by. The smoother the road and the freer 
the bearings are from friction, the longer a bicycle will run 
when coasting on level ground. 

Suppose now that a bicycle wheel is entirely free from 
friction, not only the friction of the bearings, but the friction 
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of the air. How long will it continue to spin when the frame 
is held above the ground and the wheel set in motion ? All 
our experience goes to show that, under these ideal conditions, 
the wheel would never stop. The earth in its rotation on its 
axis comes very nearly * being such a body j the earth is nearly 
free from any effort to stop it, and we find that it keeps on 
moving, year after year, with essentially the same speed. 

In like manner, if a body has a motion of pure translation 
(see p. 12), the natural and logical inference is that the body 
will keep on moving indefinitely if no effort is exerted against it. 

PROBLEMS 

1. In the case of a bullet fired vertically upwards we know that the 
bullet does not continue to move upwards forever, but soon returns to the 
earth. What is the external effort which causes this return ? 

2. In the case of a kite the combined effort of the string and the 
weight of the kite are insufficient to bring the kite down. What is the 
remaining outside influence which keeps the kite up ? 

3. In the case of an empty bottle, corked and immersed under water, 
what is the external effort exerted upon it causing it to rise to the surface ? 

Before we can explain these various motions in a really 
simple and comprehensive way, it will be necessary to define 
two new terms, viz. Mass and Momentum, 

Definition of Mass 

47. In the second of the two general statements on p. 44, 
it is pointed out that we all know something about estimating 
the amount of matter in a body by the difficulty of starting 
it or stopping it. 

It is customary in the physical sciences to employ the word 
mass to denote the amount of matter in a body. And hereafter 

* The student who pursues physics farther will find that the ocean tides 
are equivalent to two ridges of water which are held in a fixed position 
while the earth rotates between them ; these a.re equivalent to a friction- 
brake, and the earth is thus slightly retarded, perhaps 0.44 sec. in a 
century. — Ency. Brit., Art. "Tides," Sec. 48. 
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we shall use the word " mass " in this sense, namely, to mean 
the amount of matter in a body, nothing less, nothing more. 

Unit of Mass 

48. There is a piece of matter preserved in Sevres, near 
Paris, a piece of platinum-iridium, weighing about two pounds, 
which the scientific world has agreed to call the standard kilo- 
gramme, i.e. 1000 grammes. The gramme, which is therefore 
one-thousandth part of this mass of platinum, is taken as the 
unit of mass. 

When hereafter we shall speak of the mass of a body as 
^^25 grammes," we shall mean that the body has 25 times as 
much matter in it as there is in one gramme ; that the effort 
required to start it moving with a given speed is 25 times that 
required to start one gramme moving with the same speed ; or, 
what happens to be the same thing, that it weighs 25 times 
as much as one gramme. 

Comparison of Masses 

49. But how shall we determine that a given body has, say, 25 times 
as much matter in it as a certain other body which we agree to take as 
unity ? In other words, when have two bodies the same inertia ? Per- 
haps this question is answered most simply by the following experiment, 

in which the idea is to show that two masses 
are equal when, under similar conditions, 
they have equal effects upon the period of 
a vibrating body. 

Solder a pair of pans to the ends of a light 
rigid bar about 20 cm. long. See Fig. 23. 
Suspend the system by a wire from 50 to 
80 cm. long. Choose the wire of such a 
diameter that the system performs its hori- 
Fig. 23.— A mass comparer. zontal vibrations with a period of approxi- 
mately one or two seconds. 
If now we take it for granted that the period of the system depends 
upon only three things, viz. the restoring force of the twisted wire, the 
inertia of the suspended mass, and the distance of this mass from the 
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axis of rotation ; and if we take it for granted, further, that the restoring 
effort of the wire and the distance of the mass from the suspension wire 
remain the same whatever masses are placed in the pans, then the period 
will depend only upon the inertia of the suspended mass. 

Let us now proceed to determine whether or not two masses, A and J?, 
are equal. Place A in either pan of the balance and note the period of 
vibration. Call it T. Replace A by the mass J?, putting B in exactly the 
same position that A formerly occupied, and again note the period of 
vibration. If the period is still T, the two masses are said to be equal. 

If the period is greater or less than T, then the mass of B is respec- 
tively greater or less than that of A^ and must be adjusted to equal that 
of A. Suppose this to have been done and suppose that we call the mass 
of A *^ one gramme.^' These two together will constitute a mass of two 
grammes. 

It is well to employ a counterpoise in the pan not containing A or B, 
80 that the rod may remain approximately horizontal during the opera- 
tion. But this counterpoise must not be changed while A and B are 
being compared. 

Proceeding in this way, we may manufacture a complete set of standard 
masses. These are generally called, not a ^^set of masses,*' but a ^* set of 
weights." The reason for this we shall see later. 

Suppose now we wish to determine the mass of some given body. We 
have only to place it in the scale-pan, note its period of vibration, remove 
the body, and then ia the exact position which the body occupied^ place 
standard masses such that the period of vibration will be the same as 
before. The sum of the standard masses required will then be equal to 
the mass of the body. 

Observe that with any given wire the period is the same so long as the 
masses in the pans are unchanged. The period does not depend upon 
the amplitude of the vibration. 

One other point must be again emphasized, viz. the centre of the 
masses to be compared must be placed at the same point on the pan. 
Otherwise the comparison will not be fair ; for, as we shall presently see, 
the effectiveness of a body in changing the period of the system depends 
not only upon the mass of the body, but also upon the distance of the 
mass from the axis of rotation, i.e. from the suspension wire. Accord- 
ingly, in comparing masses in the above manner, this distance must be 
kept constant. 

A much more accurate and convenient method of comparing masses 
will be described and studied under the head of Gravitation. 

Is mass a vector or a scalar quantity ? 
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Density 

50. It is well known that lead^ volume for volume, is a 
heavier substance than wood. But note carefully that this 
statement does not imply that any particular piece of lead has 
a greater mass than some particular piece of wood. Density 
is simply the ratio of the mass to the volume of a body. 

If we denote the mass of a body by M, its volume by V, 
and its density by D, then 

T\ Jf^ Defining eq. for Aver- rp^ j a 

T^' age Density. "' ^ 

Definition of Linear Momentum 

SL The product obtained by multiplying the mass of a body 
by its linear velocity is one so frequently employed in physics 
that a special name has been given to it, viz. Linear Momentum. 

Since velocity is a vector quantity and mass a scalar quan- 
tity, it is evident that their product, momentum, is a vector 
quantity, and that its direction is the same as that of the 
velocity factor. The product of the mass and linear speed of 
a body gives the merely numerical part, the scalar factor, of 
momentum. 

The momentum of a bicycle ridden north at the rate of six 
miles an hour is, by no means, the same as that of the same 
wheel ridden east at six miles an hour. The mere numerical 
values of these two momenta are the same : the difference of 
momenta in these two cases is very keenly appreciated when 
we consider the difficulty involved in avoiding a collision with 
another wheel going south. For instance, in a crowded street, 
when the wheels are proceeding from north to south, one after 
another, the danger to another wheel moving east or west six 
miles an hour is enormously greater than the danger to the 
same wheel going north or south six miles an hour. 

Let m denote the mass of a particle and s its velocity, then 

Defining eq. for 

Linear momentum of a particle = 7ns, Linear mo- Eq, 14 

mentum. 
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Rotational Inertia 

52. Two children who are seesawing, one at each end of 
a board, know very well that the- seesawing goes on more 
smoothly and with greater uniformity when they are out near 
the ends of the board than when they are in near the middle. 
But when they are near the middle, the board is much more 
quickly started or stopped by a third party taking hold of the 
end. The mass of the board and the children is the same in 
each case : only the distribution of the mass is different. 

The children and the board constitute a typical rotating sys- 
tem. The axis of rotation is the line of contact of the board 
and the log over which the board is balanced. The point to 
which attention is here directed is that the resistance which a 
body offers to being set in rotation, i.e. its rotational inertia, is 
not measured by its mass merely, but depends also upon the 
distribution of its mass. 

Imagine two fly wheels to have equal masses. In the first 
case, we shall suppose the mass to be distributed mostly near 
the axis of rotation; in the second case, the mass is placed 
far out, mostly near the rim of the wheel. Which wheel is 
more easily set in rotation ? 

The farther away a particle is from the axis of rotation, the 
greater its leverage. Consequently it is found, when we at- 
tempt to impress a linear speed, s, upon any particle rotating 
about a fixed axis, that the effectiveness of the particle in re- 
sisting us is measured by the product of its linear momen- 
tum, msy and its distance, r, from the axis of rotation. 

The ability of a particle to keep a fly wheel in rotation is 
measured by the distance of the particle from the shaft, as 
well as by its momentum. This product, ms • r, is called the 
angular momentum of the particle m. 

Angular momentum = ms'r. 
But since s = rw, we may write 

Defining eq. for 

Angular momentum = mr^ • w. Angular mo- Eq. 16 

mentum. 
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And just as we define 

Linear momentum = linear inertia x linear velocity 

= ms, 
so we may say, 

Angular momentum = rotational inertia x angular velocity 

If we use this analogy, the rotational inertia of a particle 
will be measured by mr*. This quantity which measures the 
rotational inertia of any particle is generally called moment of 
inertia. We shall denote it by the letter /. 

The moment of inertia of a body is the sum of the moments 
of inertia for each particle in the body. 

Using this notation, we see that the definition of angular 
momentum is exactly analogous to that of linear momentum, 
only instead of mass we employ moment of inertia, and, instead 
of linear velocity, we employ angular velocity. 

We shall find later that this quantity which we have called 
moment of inertia plays the same part in rotation that mass does 
in translation. We have thus been led to substitute for our 
general notion of rotational inertia, a definite quantitative idea, 
which a little later will be of the greatest use to us. 

PROBLEMS 

1. How is it that, in a fly wheel weighing one ton, the effect of the 
wheel in steadying the motion of the engine is very much increased by 
placing most of the mass oui near the rim of the wheel ? 

8. If an extra pound is to be added to a bicycle wheel, where will it 
prove to be the greater hindrance to starting, when placed in the tire or 
in the hub ? Why ? 

8. A wire hoop weighs 10 grammes and has a mean radius of 8 centi- 
metres. Find its moment of inertia about an axis through the centre, 
perpendicular to the plane of the hoop. Ans. I = 640. 

4. Imagine the hoop to rotate about this axis once a second. Find its 
angular momentum. Ans. 1280 ir. 

53. At the beginning of this chapter, we cited some familiar 
instances of the behavior of matter in motion. We then di- 
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gressed for a moment to increase our vocabulary by the defini- 
tion of four very important physical quantities, viz. ; 

(1) Mass. (Linear Inertia.) 

(2) Moment of Inertia. (Rotational Inertia.) 

(3) Linear Momentum. 

(4) Angular Momentum. 

Returning now to the consideration of Inertia, we shall treat 
first the behavior of a body which is left to itself. 

Case L No External Influence at Work 

54. As we all know, it is not an easy matter " to leave a 
body to itself"; but Galileo and Newton have correctly in- 
ferred the behavior of a body when left to itself and have 
described this behavior in the following simple way : 

If a body is in translation under no external influences, its linear 
momentum remains constant. This is generally called Newton's 
First Law of Motion and is described algebraically by the fol- 
lowing equation : 

ms = constant. Eq, 16 

If a body is in rotation under no external influence, its angular 
momentum remains constant. This is described algebraically 
by the following equation: 

/o) = constant. Eq. 17 

It is to be distinctly understood that these two statements 
are true, so far as is known, without any exception whatever : 
they are true for bodies at rest as well as for bodies in motion ; 
they are true for a body of any size, shape, or composition. 

But they are true only under the condition stated, viz. that 
the body, or system of bodies, is affected by no outside action. 

If, therefore, a heavy fly wheel, set in rotation and " left to 
itself," gradually diminishes in angular speed, we may fairly 
expect to find that the wheel is not really left to itself and is 
not entirely free from external influences. In such an expecta- 
tion no one has yet been disappointed. 
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If a skater coasting on level ice finds himself moving more 
and more slo\^ly, he suspects resistance to his motion in the 
air, and frictional resistance between the ice and the skates. 

If a baseball, thrown vertically into the air, changes its 
velocity (as it does, first diminishing, then stopping, and then 
increasing in speed), we may rest satisfied that an outside influ- 
ence is at work. In this case it is popularly called " gravity." 

Since, then, bodies left to themselves move at uniform 
velocity, we may say that motion is a state of matter quite 
as natural as rest. For bodies in motion and left alone keep 
in motion ; while bodies at rest and left alone remain at rest. 

Case II. An External Influence at Work 
Force and Moment of Force 

55. In the preceding pages we have frequently been com- 
pelled to speak of the motion of a body as influenced by 
"resistance," by "external action," by "some outside influ- 
ence," or by "some external effort." These terms have all 
been used to express the same idea; but such loose, vague, 
and vai'ying names are not in keeping with the spirit of 
modern physics. We accordingly take the first opportunity 
to define exactly what is meant by these various external influ- 
ences which change the momentum of a body. For the common 
feature of all these actions which affect a body from without 
is that they do not permit the body to move with unchanged 
momentum. 

In physical science one single definite name has been given 
to all these influences. They are called Forces if they change 
the linear momentum of the body, and Moments of Force if 
they change the angular momentum of the body. 

Newton, looking for the shortest and clearest description of 
what had been observed to happen where masses, either in 
motion or at rest, are acted upon by forces, arrived at the 
following, which is generally known as Newton's Second Law 
of Motion : 
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The change in the linear momentum of a body is proportional 
to the force acting upon the body ; and the direction of the change 
is the same as the direction of the force. 

The change in the angular momentum of a body is proportional 
to the moment of force acting upon the body ; and the axis and 
direction of the change are the same as the axis and direction of 
the moment of force. 

Definition of Force 

56. Force is defined as that which changes the linear mo 
mentum of a body; and it is measured by the time rate at 
which the linear momentum is changed. 

This idea we owe to Galileo (1564-1642). In popular usage 
force has an endless variety of meanings; in physics it is 
never used but in this one sense. 

The student should observe carefully that in this definition 
nothing whatever is said as to the origin or source of the force 
which produces the change of momentum. The source of the 
external influence may be electric, magnetic, or gravitational ; it 
matters not. If the momentum is changed, some external force 
is acting on the body; and the measure of this force is the 
ratio between the change of momentum and the time occupied 
in this change. This is the whole story about force. 

It may be expressed in the shorthand of algebra as fol- 
lows : Let F denote the force acting upon a body of mass m, 
let «i be its linear velocity at the time tiy and Sg i^s linear 
velocity at the time t^ ; then the 

Average Force 

acting upon the body during the interval ti — ti is given by the 
following equation : 



t^ — ti \t2 — tij 



Defining equation for 
average force. 
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If the interval t^ — ^ be very small indeed, the force at any 
instant t, lying in the interval t^ — ^i, is given as follows : 






Since we have already (p. 25) agreed to call the rate of 
change of velocity by the name acceleration, we may also write 
this as follows : 

and define force as the product of mass and acceleration, a defini- 
tion which is exactly equivalent to that given above. 

Of the two factors in this defining equation, one, m, is a 
scalar and the other, a, is a vector quantity. Hence force itself 
is a vector quantity, and can, therefore, be represented in direc- 
tion and amount by a straight line. 

Addition of Forces 

57. Since forces are directed quantities, they are added in 
the same manner as are all directed quantities ; that is, in the 
same manner as displacements, velocities, momenta, acceleriar 
tions, viz. by placing end to end the lines which represent the 





Fig. 25. 

single forces. The line joining the extremities of the broken 
line so formed represents the resultant force, or simply the 
resultant. 

Each force produces its own effect quite independently of 
the others. This is one of the essential features of Newton's 
Second Law. 
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Imagine the three vectors Fiy Fi, F^y indicated in Fig. 24, to 
represent three forces in direction and in amount. The line 
OA in Fig. 25 will then represent a 
force which alone will change the mo- A^— 
mentum of a body at the same rate as 
will the three forces F^ F^, F^ com- 
bined. This is all that is meant by a 
resultant. 

Imagine the direction of the force F^ 
to be reversed ; the line OA, in Fig. 26, 
will then be the resultant. The numer- 
ical values of the forces are the same in 
Fig. 26 as in Fig. 25; but the resultants in these two cases 
are very different. Accordingly the student should bear in 
mind that the direction of a force is, in general, quite as im- 
portant a factor as its amount. 

Unit of Force, The Dyne 

58L Since the force acting upon any body is the product of 
the acceleration which it produces in this body multiplied by 
the mass of the body, we have no liberty of choice as to a unit 
of force. For, provided we wish to be at all consistent, we 
must maintain our previously employed units of acceleration 
and mass. 

But these we have already defined, see p. 2b and p. 46. 
Hence the unit of force is that force which will produce unit 
acceleration in unit mass. 

Or, what is the same thing, unit force is that force which is 
capable of changing the momentum of a body at the rate of 
one unit per second. 

Or, what is the same thing still, we may define the unit of 
force as that force which will change the velocity of a mass of 
one gram at the rate of one unit (that is, one centimetre per 
second) per second. 

This unit of force is so frequently used in physics that it 
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has- received a special name. It is called a Dyne, whicli is 
simply the Anglicized form of the Greek word for force. 

An Interesting Special Case, Centripetal and Centrifugal Force 

59. If a particle moves in a circle, we have found (p. 32) 
that it is always accelerated toward the centre with an accel- 
eration which is measured by the square of its linear speed 
divided by the radius of the circle. 

a = — = 01 r. 
r 

If now we wish to know what force, F, is required to keep 
this particle moving in a circular path, we have only to multi- 
ply the mass of the particle, m, by its acceleration. Thus, 

F=m- = mui*r, Eq. 19 

r ^ 

This expression gives one the number of dynes which he 
must exert upon a string of length r in order to swing about 
his head in a circle a mass m attached to the end of this 
string. 

This force is sometimes called centripetal force because it 
measures the pull of the string toward the centre ; it is some- 
times called centrifugal force because it measures the pull of 
the stone outwards. As we shall see later (pp. 60, 61) both 
names are appropriate ; for each represents one of the two points 
of view from which every force may be considered. 

PROBLEMS 

1. A mass of 500 grammes is acted upon by a force of 3600 dynes. Find 
the acceleration produced in the mass. Starting from rest, under this 
acceleration, what speed will the mass acquire in 8 seconds ? 

Ans, a = 7, « = 56. 

8. A force of 20 dynes is able to produce an acceleration of 2 in a 
certain body. What is the mass of the body ? Ana, m = 10 grammes. 

3. What force would be required to change the momentum of a body 
from 25 to 150 in 12.5 seconds ? ^n«. F = 10 dynes. 
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4. A boy swings about his head, in a circle of 1 metre radius, a bullet 
whose mass is 20 grammes. What is the pull on the string when the 
bullet is making 1 revolution per second ? Ans, 8000 ir^ dynes. 

5. A locomotive whose mass is 100,000 kilogrammes is rounding a curve 
of 400 metres radius at a speed of 10 metres per second. What is the 
force which the locomotive exerts upon the outer rail ? This problem is 
similar to the preceding : the only difference is that here the flange on the 
wheel holds the locomotive in its circular path, while in the preceding the 
string holds the bullet in its circular path. Ans. 2500 million dynes. 

6. Why does a bicycle rider ** lean in " as he rounds a comer ? 

7. How does a cyclist *' right" himself by turning his front wheel 
toward the side to which he is falling? The centrifugal force, i.e. the 

righting force, acting upon the wheel and rider is measured by ^^' This 
may be increased by increasing «, or by diminishing r. ^ 

Moment of Force 

60. In the earlier pages of this volume we have frequently 
spoken of "external influences" changing the angular mo- 
mentum of a body. 

A spinning top loses angular momentum as it gradually dies 
down: here friction is the "external influence." The top is 
the body or " system " under consideration : the floor on which 
it spins and the air are " external " to the system. 

We have seen, p. 52, that in physical science, one definite 
name has been given to all these influences. They are called 
Moments of Force. 

Definition of Moment of Force 

6L Moment of Force is defined as that which changes the 
angular momentum of a body ; and it is measured by the time 
rate at which the angular momentum is changed. 

If the angular momentum of a body is changing (whether 
growing larger or growing smaller, it matters not), there is a 
moment of force at work somewhere. Whether the moment of 
force has some magnetic, electric, or gravitational origin does 
not here concern us: the moment of force acting is, in each 
instance, measured in the same way, viz. as a time rate of 
change of angular momentum. 
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According to our previous notation (p. 50), this would be 
described as follows : 

Let L denote the moment of force, then the average moment 
of force acting upon the body during the interval t^ — ty is given 
by the following equation : 

r I^ — Iiii\ Deflniog equation for avtrage jp^ on 

A A Moment of Force. * * 

62. This definition gives us at once a very simple criterion 
for the presence or absence of a moment of force, viz. if the 
angular velocity of a body is changing, a moment of force is 
present ; if the angular velocity is constant, no moment of force 
is acting. 

Imagine a plank balanced over a log, or a metre-stick over a 
lamp-chimney, in the manner of a seesaw, as in Fig. 27. The 
earth pulls down the end J3, tending to rotate the plank clock- 
wise ; it also pulls down the end A, 
tending to rotate the plank counter- 
clockwise. Here there are evi- 
dently two moments of force tend- 
ing to rotate the flat plank about 
the line of contact between it and 
the round log. Every child knows 
how to balance these two moments 
Pig 27. so that they are equal and oppo- 

site. If the end A tends to go 
down to the ground, too much of the mass is on the " A " side 
of the line of contact. Accordingly the plank is shifted in 
the direction from ^ to JB until the moment of force is the 
same on each end. The plank is now said to be in equilibrium ; 
for the sum of all the moments of force acting upon it is zero. 
If the end A is depressed, the line of contact will shift 
toward the ".4" end: accordingly the mass of the "J5" end 
is increased ; and hence the moment of force due to the pull of 
the earth is increased, and the plank returns to its position of 
equilibrium, that is, to a position where the moments are zero. 
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Moment of Force acting on a Particle 

63. In the case where a body consists of a single particle, it 
will be remembered that its moment of inertia is simply the 
product of its mass and 
the square of its distance 
from the axis of rotation 
(p. 50). 

In the case of a parti- 
cle, we may in like man- 
ner write (p. 23) 

8 = r<tf, 

where « is the linear ve- 
locity. 

Hence our expression 
for moment of force on a 
particle becomes 




AXIS 



Fig. 28. — Moment of force on a particle, at the 
end of an arm, n 
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= rF, 



Eq,21 



where F= force acting on the particle. 

This simple relation between force and moment of force, 
L = rFj should be thoroughly mastered by every student. 



Moment of Force acting on a Rigid Body 

64. Since now any body may be considered as made up of 
particles, we can get the moment of force tending to rotate a 
body about any particular axis, by adding the moments acting 
on each of the particles, and tending to rotate them about the 
same axis. 
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On Systems of Bodies, Newton^ s Third Law of Motion 

65. If we take acceleration as the test for the presence of 
force, questions such as the following are likely to arise: 
A railroad train is running on a level track at the uniform 
rate of 24 miles an hour. There is no change in the speed or 
in the direction of the velocity. Accordingly the acceleration 
of the train is zero. This conclusion is plain, simple, unavoid- 
able. But how can this be, when the engine is exerting a 
force of millions of dynes on the train ? 

The answer is simply this : The pull of the engine is only 
one among many forces acting upon the train. In these forces 
we must include the friction of the rails, the friction of the 
bearings, and the friction of the wind. These forces are all 
opposing the pull of the engine. If now the train be running 
uniformly at the rate of 24 miles an hour, we conclude that 
these opposing forces are exactly equal and opposite to the 
pull of the engine ; and hence that the total force acting upon 
the train is zero. If steam be cut off the engine, the opposing 
forces accelerate the motion of the train in such a way as to 
diminish its speed. When the train comes to rest, the oppos- 
ing forces become zero ; and hence the total forces are again 
zero and the acceleration is again zero. When the engineer 
again lets on steam, the forward pull of the engine is greater 
than the backward pull of the opposing frictional forces. 
Hence the motion of the train is accelerated. This time in 
such a way that its speed is increased. This acceleration will 
continue until the frictional forces are exactly equal and op- 
posite the pull of the engine. At this point the acceleration 
is again zero. 

From this illustration the student will observe that great 
care is necessary to include in any system under discussion all 
the various parts of that system. The track and the air, re- 
tarding the train, are essentially parts of the system. 

When the forces which aid any uniform motion are added 
to those which oppose the motion, the sum is always zero. 
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This is an observed fact of nature which Newton described 
by saying that action is always equal and opposite to reaction ; 
or the mutual actions of any two bodies are always equal and 
oppositely directed. 

This principle is beautifully illustrated by the following ex- 
periment : 

With a piece of ordinary sewing thread support an iron ball, 
from two to four inches in diameter, as indicated in Fig. 29. 
To the lower side of the ball attach a piece 
of the same kind of thread. 

Taking hold of this lower thread, one 
may by pulling break either thread he 
likes. If he pulls slowly, the lower thread 
will be affected only by the pull of the 
hand, while the upper thread will be 
stretched both by the pull of the hand 
and by the weight of the iron ball. In 
this case, of course, the upper string will 
break first. 

If, on the other hand, one pulls the lower 
string quickly, it will as before feel the 
pull of the hand alone. But the upper 
string will be stretched practically by the 
weight of the ball only; for in this case 
the ball will be so rapidly accelerated that 
the reaction of the ball (mass x acceleration) will be sufficient 
to break the lower string before the upper one. 

The student will find it an excellent habit to look at every 
force from these two points of view. 

Still another way of putting Newton's Third Law of Motion 
is this: All forces are balanced forces. 

When a body, or system of bodies, is not accelerated, we 
may consider it as acted upon by two or more forces whose 
sum is always zero, or by two or more moments of forces whose 
sum is always zero. 

The study of these particular cases where no acceleration is 
involved forms the subject of Statica. 




Fig. 29. — Illustrating re- 
action which is meas- 
ured by mass x accel- 
eration. 
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PROBLEMS 

1. A bicycle rider exerts a force of 10 million dynes on a pedal. 
Suppose the force to be at right angles to the pedal crank, and imagine the 
crank to be 18 centimetres long, what moment of force does the rider 
exert ? Ans. i = 180 x 10«. 

2. At one end of a board which is 20 feet long is placed a stone weigh- 
ing 40 pounds. At the other end of the board is placed a stone weighing 
90 pounds. Neglecting the weight of the board, find the point at which it 
must be supported in order that these two stones may just balance each 
other. Ans. 6^ feet from end. 

8. When a bicycle is being ridden through a wet or slushy street, how 
is it that the water collects in a little ridge at the middle of the tire ? 
Explain the meaning of Eq. 19. 
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(General Properties of Matter) 
II. MATTER AS A VEHICLE OF ENERGY 

66. Work is something of which, every one has, or ought to 
have, a fairly definite idea. The farmer knows that it requires 
twice as much work to plough a two-acre field as to plough a 
one- acre field. For while the horses exert no more force on 
the plough in the first case than in the second, the total length 
of furrow is twice as great in the first case as in the second. 
In like manner, we all know that it requires twice as much 
work to carry 2000 bricks to the top of a house as to carry 
1000 bricks to the same height. For while the distance is the 
same in each case, the weight of 2000 bricks is twice that of 
1000 bricks. 

In general, the quantity of work done depends upon two 
factors, and upon two factors only : (1) the force exerted, and 
(2) the distance through which this force is exerted. 



Definition of Work 

67. Consequently, the term work is employed in physics to 
denote one definite quantity, viz. the product of a force multi- 
plied by the distance through which it is exerted, both distance 
and force being measured in the same direction. 

B 




Fig. 30. 



A mass, B (Fig. 30), is attracted by the earth with a force of 
1000 dynes. What work will be required to roll this mass up 
an inclined plane whose length, OA, is 24 centimetres ? 
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If work were defined simply as " the product of force by dis- 
tance," the answer to the problem would be 1000x24=24,000 
units of work. But using the proper definition, we observe 
that since here the force, Le. the weight of the body, B, is 
vertical, we must measure the distance also in a vertical 
direction. 

Evidently, therefore, we must know the height AX before 
we can solve the problem at all. In other words, we must 
know how steep the inclined plane is before. we can estimate 
the work required to carry the body B through the distance 
OA, Now in an inclined plane of this kind it is the universal 
custom to call the ratio of the height to the length by the name 
" sin tf," where denotes the angle AOX ; that is, 

AX . ^ 

And since in this particular example 

A0 = 2A centimetres, 

we have AX = 24 sin 6 centimetres. 

Accordingly the work required is 

1000 X 24 sin $ = 24,000 sin units of work. 

If, in addition, the value of $ is given, we may compute at 
once the numerical value of the work. 

Units of Work. The Erg 

68. Let us denote work by W, distance by x, and force by F] 
the defining equation for work may then be written as follows : 

W= FXy Defining equation for work. Eq, 22 

where F is the average value of the force throughout the dis- 
tance a?, and where, of course, x and F are to be measured in the 
same direction. This algebraic definition is identical with the 
one given above in words. 
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Since now the unit of force is the dyne, and the unit of dis- 
tance the centimetre, the only consistent unit of work is that 
amount of work which is done when a force of one dyne is exerted 
through a distance of one centimetre. 

This unit is of such frequent occurrence in physics that it 
has been given a special name. It is called an Erg, which is 
simply the Greek form of our English word " work." 

PROBLEMS 

1. How many ergs of work will be done in exerting a force of 6 dynes 
througti a distance of 18 centimetres ? Ans, 108 ergs. 

2. What work will be required to hoist 10 kilograms of water from a 
well whose depth is 12 metres ? g = 981. Ans. 11772 million ergs. 

8. Suppose forces to be measured in "pounds weight'* and distances 
in feet ; how many foot-pounds of work are required to carry 100 pounds 
of brick to the top of a building 42 feet high ? Ans. 4200 foot-pounds. 

4. If the weight of one kilogram be taken as the unit of force and the 
metre as the unit of length, what will be the unit of work ? 

Ans. One kilogrammetre. 

ENEBQY 

69. We shall see later that a body may be able to do work 
in consequence of 

1. Its position. 

2. Its speed (angular or linear). 

3. Its temperature. 

4. Its electrical condition. 

5. Its chemical composition. 

Etc. 

« 

The power of doing work is called energy ; and a system is 
said to possess energy when it can do work. Since the work 
which a system can do is the measure of its energy, the same 
unit is employed for energy as for work, viz. the erg. 

If we were to attempt to study all the forms of energy which 
a system may possess, we should find ourselves at once in the 
midst of the entire subject of physics. Accordingly we shall 
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here consider only the energy which a mechanical system may 
have by virtue of 

1. The relative position of its parts ; and 

2. The relative speed of its parts. 

Every one is familiar with many instances of these two 
forms of energy. 

The boy who starts at the top of a hill on a bicycle knows 
that his energy of position is such that, without pedaling, it 
will carry him to the bottom of the hill and some distance 
beyond. If, coming in the opposite direction, he approaches 
the foot of the hill with sufficient speed, the energy due to his 
motion may be ample to carry him to the top without any 
pedaling. In this case the system consists of the bicyclist 
and the earth. 

An uncoiled spring will not run a watch; but if, using a 
key, we change the relative position of its parts, by coiling it 
up, it will run the watch for the next twenty-four hours. 
When one drives a nail, he gives the hammer a high speed. 
The energy due to this speed does the work of forcing the nail 
into the wood. 

In the language of physics, the energy which a body pos- 
sesses in virtue of its position is called Potential Energry ; while 
the energy which a body possesses in virtue of its speed is 
called Kinetic Energy. 

The question now arises as to how much work a body can do 
in virtue of its position, and how much work a body can do in 
virtue of its speed. In other words what are the proper meas- 
ures for potential and kinetic energy respectively ? Before 
answering these two questions, we must digress for a moment 
to consider the 

Dissipation of Energy 

70. It is well known to every one that a ball, or a bicycle, 
which is allowed to run down one hill from a certain height, h 
(Fig. 31), will not, with the speed thus acquired, ascend an 
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adjoining hill to the same height. The ball, or the wheel, 
always stops short of its original elevation. The explanation 
of this is something which does not now concern us. The im- 




Fig. 31. 

portant fact is that the kinetic energy of the wheel at the 
bottom of the hill is not quite sufficient to do the work of 
carrying the wheel to its original height. 

The same is observed to be true of a pendulum as it swings 
from its position of rest at A to its position of rest at C (Fig. 
32). The point C is always a lit- 
tle lower than the point A, i.e, the 
kinetic energy of the pendulum at 
B is not quite sufficient to do the 
work of carrying the bob to its 
original height. 

In every case of this kind it has 
been observed that we never get 
out of a machine all the work 
which we put into it. Some of 
the mechanical energy of a sys- 
tem is always wasted when we 
attempt to use that energy by transforming it, or transfer- 
ring it. 

As we shall learn later, this unavoidable waste of energy is 
brought about by friction : a portion of the mechanical energy 
is transformed into heat energy, where it is of less use to us 
than before. This tendency of energy to assume a more and 
more useless form is known as the principle of the Dissipation 
of Energy. 
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Conservation of Energy 

71. But the most important discovery along this line, per- 
haps the most important discovery of the nineteenth century, 
is the following, viz. that when alloicance has been made for 
unavoidable wastes the sum of the kinetic and potential ener- 
gies of a body or system of bodies never changes, unless 
through some external influence. 

" Waste of energy " is a very common expression ; but, as 
we shall learn by and by, this never means destruction of 
energy. There is no evidence that the slightest bit of energy 
has ever been annihilated. Energy is, in this respect, like 
matter. No human being has ever succeeded in creating or 
destroying any amount of either one. When, therefore, we 
speak of allowing for " unavoidable wastes," we refer to that 
energy which has been unavoidably changed into heat or some 
other form of energy which, for our purpose, is useless. 

The law of the Conservation of Energy expresses the fact 
that the sum total of the energry in the universe remains the 
same. This energy can change from one form to another, it 
tends constantly to become less and less available ; but, so far 
as is known, it has never changed in quantity. 

Measure of Kinetic Energy of Translation 

72. By the application of this principle to many special 
cases, the proper measure of the kinetic energy of a body in 
translation has been found to be as follows : 

If a force F acts upon a mass 7/i initially at rest, for a time 

tf it will produce in it a speed of translation, s, such that 

(Art. 56) 

F = ma = m • s/t 

If the force F remain constant, then the acceleration will 
remain constant, and the mass m will travel, during this time, 
a distance x, such that (Art. 29) 

x = ^at^ = \{s/ty = ^st 
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But the work done by a constant force F exerted through a 
distance x is Fx, and 

Now this work has all gone toward putting the mass m in 
motion, since, by supposition, there has been no waste from 
friction or other causes. We see, therefore, that the expres- 
sion, half the product of the mass by the square of the speed, 
is the proper measure of the work put into the body. Relying 
now upon the Conservation of Energy, it is seen that this prod- 
uct also measures the amount of work which we shall be able 
to get out of the body, i,e, measures its kinetic energy of 
translation. Let us denote this energy by K.E., then 

K,E.—\mf. Eq.23 

Measure of Potential Energy 

73. We turn next to a system whose parts have a definite 
relative position, and ask how much work can be gotten out 
of it. For instance, a coiled watch-spring, a stretched rubber 
band, a pond of water at a definite height above a water-wheel, 
a stone raised to a certain height above the ground. How 
shall we measure the potential energy of each of these systems ? 

Experiment has answered this question in a clear and simple 
manner. The amount of work done in bringing the system 
into its present position is, barring frictional losses, exactly 
equal to the potential energy now in the system. 

The weight of the water in the pond, F^ multiplied by the 
average height, x, through which it was pumped, is at once the 
work required, Fx, to give the water its present potential 
energy and is also the measure of its present potential energy. 
It must not be forgotten that here allowance is to be made for 
the energy wasted in friction in the pump. The student who 
pursues the subject farther will find that in like manner the 
energy of the coiled watch-spring is simply the average mo- 
ment of force which one exerts upon the key, L, multiplied by 
the angle through which he turns the key, 0. 
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Let us call the potential energy of a system F.E. Then, 
if this energy is transferred to the system by a linear force, 

RE. = Fx, Eq, 24 

where F is in every case the average value of the force. This 
equation is a simple application of the law of the Conservation 
of Energy. 

74. Summary of the Principal Discoveries concerning Energy 

1. Energy is known only in connection with matter. We 
know of no matter devoid of energy, and know of no form of 
energy which is not associated with matter. 

2. If no energy be given to or taken away from a system, 
the sum of its kinetic and potential energies remains constant. 

3. When a system is left to itself its potential energy tends 
to assume the form of kinetic energy. This great law of 
nature may be described in another way by saying that there 
is a universal tendency for the potential energ^y of a system to 
decrease. 

75. It is hoped that the following examples will make these 
general principles the intellectual property of each student. 

APPLICATIONS OP THE PRINCIPLES OP ENERGY TO 

MECHANICS 

I. The Lever 

76. The lever is a machine which, in various forms, is 
familiar to every lad. It has a variety of objects. Some- 
times it is employed to increase the force which one is able 
to apply at some particular point, as in raising a heavy stone 
or cracking a nut. Sometimes it is employed to multiply the 
motion of a point, as in the index on the dial of a steam gauge; 
sometimes, as in sugar tongs, pliers, and tweezers, to reach 
otherwise inaccessible places. 

The principle of the lever was first correctly enunciated by 
the Greek scholar Archimedes (287-212 b.c). 
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The essential feature of all levers is a more or less rigid bar 
rotating about the edge of some body as an axis. This edge is 
called the fulcrum of the lever. 

Since hardly any energy is here wasted in friction, one 
obtains by use of a lever practically as much work as he puts 
into it. -m. 

M 



^r^ 



^' I 



Ft 

^2. Fig. 33. 

Let Fi (in either Fig. 33 or Fig. 34) be the force exerted on 
the end of the lever whose length is x^ and F^ the force exerted 
upon the arm of length » 032. Since these forces are each sup- 
posed to be at right angles to the arm, the distance through 
which the force Fi acts is XiO, and the distance through which 
F2 acts is x<fi, where is the angle through which the lever is 
rotated. The work put into the lever is therefore FiX^O. And 
the work gotten out of the lever, F^^, must, on the principle 
of Conservation of Energy, be the same, or 

and hence F2/F1 = x^/Xi^ 

The physical meaning of this equation is that the force 
which one can obtain by use of a lever is to the force which 
he applies to the lever inversely as the lengths of the arms. 

The ratio F2/F1 is sometimes called the mechanical advantage of 
the lever. r 

-re. 




-1 



Fig 34. 



Great care must always be observed in estimating the length 
of the arms of a lever. The fulcrum at is the axis of rotation. 
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The distance from the axis to the point where the force is 
applied is the one arm, x^ ; the distance from the axis to the 
point where the opposing force is applied is the other arm, oo^ 
These definitions are illustrated in each of Figs. 33 and 34. 

II. The Pulley 

77. The pulley is simply a lever used for a particular pur- 
pose ; viz. to change the direction in which a force is applied 
and to gain mechanical advantage. 

Fixed Pulley 

The bar constituting the lever is the diameter of the pulley 
AB. (See Fig. 35.) is the axle (axis) about which the bar 

is continually rotating. And hence 
is the fulcrum. 

Since here the arms AO and BO oi 
the lever are equal, it is evident that 
Fi = i^2- So that the only advantage 
offered by the fixed pulley is a change of 
direction ; a pull downward can be trans- 
formed into a pull upward. 



Movable Pulley 

78. When a pulley is arranged as in 
Fig. 36, it is evident that at any par- 
ticular instant the point O is fixed, and 
is the point about which the lever ro- 
tates — is the fulcrum, in short.* The 
force at A acts, therefore, through an 
arm twice as long as that of the force 
at 5. 

Now it is found by experiment that 
when any point P on the rope is lifted 




— is;— -J A 



a 



Fig. 35.— The pulley a spe- 
cial case of the lever. 



* A line drawn through the point 0, perpendicular to the plane of the 
pulley block, is called the instantaneous axis of rotation. Where is the 
instantaneous axis of rotation of a carriage wheel rolling on the ground ? 



GENERAL PROPERTIES OF MATTER 



through a distance Xi, the point B on the pulley is lifted 
through a distance Xs, which is only half as great; in symbols, 



Since the work done by 
the force Fi is equal to the 
energy stored up, we have 
F,=n,= F^ = F,x,/2. 
.: F,/F, = 2, 

or tbe mechanical advantage 
of a movable pulley is 2. 



Fig. ; 



Fig. 37, 



Mock and Tackle 

79, In the case of the block and tackle, shown in Fig. 37, we 

secure a mechanical advantage of 2 for each movable pulley added. 

So that with a machine such as that figured one is able to 
exert a force six times as great as without its aid. 
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To obtain the mechanical advantage of such a machine, one 
has only to observe the distance through which the force Fi is 
exerted in order to exert the force F^ through the distance Xf. 
Call this observed distance Xi. 

Then, it matters not what the mechanism of the block and 
tackle is, provided only that no energy is lost inside, the mechani- 
cal advantage may always be computed as follows : The work 
put into the machine is FiX^^ the work obtained is F^ 

and F2/F1 = iCi/o^ 

and a^i/ajj, an easily observed ratio, is the required mechanical 
advantage. 

In the case represented in Fig. 37, evidently 

0?! = 6 a^. 



III. The Inclined Plane 

80. The inclined plane is a device frequently employed to 
avoid the direct lifting of heavy weights. Barrels are fre- 
quently loaded into wagons by use of skids, which are simply 
inclined plaifes. Goods are often taken aboard steamers by 
inclined gangways. What advantage does such a device offer ? 

The energy required to raise a mass to a certain height 
above the ground is quite independent of the path by which 
it has been isased, provided friction be negligible. 

A 




Fig. 38 —The inclined plane. 



Let Fi be the force required to push the body along the 
incline OA (Fig. 38) ; and F2 the weight of the body. Let the 
length of the slope OA be Xi and the vertical height XA be x^ 
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Then the work put into the mass by the force Fi is FiXi, and 
the potential energy of the mass at the top of the plane is 
F^2- But by the law of the Conservation of Energy these two 
are equal. . f^^F.x,, 

or F^/F^ = X1/X2 = 1/sin 0, 

where is the angle AOX, which measures the steepness of 
the inclined plane.* The mechanical advantage of the in- 
clined plane is therefore 1/sin ^; that is, the mechanical 
advantage varies inversely as the sine of the angle of slope. 
This statement is sometimes called the law of the inclined 
plane. 

PROBLEMS 

1. Show that, in the case of a windlass, such as is used for hoisting 
stone to the top of a building, the mechanical advantage of the windlass 
is R/r, where R is the radius of the crank operated by the man and r is 
the radius of the axle on which the rope is wound. The windlass should 
be considered as a special case of the lever. 

2. A lever is 14 centimetres long. Where must the fulcrum be placed 
in order that a weight of 8 grammes at one end may just balance a weight 
of 16 grammes at the other end ? Ans. 4 j cm. from end. 

3. A metre stick is suspended at a point 40 centimetres from one end. 
A kilogramme placed at the end of the long arm will be balanced by what 
weight placed at the end of the 
short arm ? Ans. 1500 grammes. 

4. When a weight is pre- 
vented from sliding down an 
inclined plane by a force act- 
ing along the plane, show that 
the ratio of this force to the 
normal pressure on the plane 
is the samd as the ratio of 
the height to the base of the 
plane. P,^, 39 

6. What is the greatest weight which a man weighing 150 pounds can 
lift by means of one movable and one fixed pulley ? The man is not 
supposed to be anchored to the ground in any way. Ans. 300 pounds. 

* The student should not forget that, by definition (p. 64), sin e = Xo/xi. 
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lil. THIRD OBNBBAL PBOPBBTY OF MATTBB 

Gravitation 

81. Children at a very early age learn to look toward the 
floor for things that leave their hands. This indicates what is 
probably their earliest acquaintance with the great fact that 
the earth attracts all bodies to itself. This single fact was 
practically all that men knew of gravitation until the sixteenth 
century, when Galileo, by his researches along this line, insti- 
tuted the era of modern physics. 

Before the time of Galileo (1564-1643), the ideas of men 
concerning gravitation were simply chaotic. They had ob- 
served that some bodies, such as stones, fall very rapidly; 
that others, such as feathers and thin paper, fall very slowly ; 
that heavy bodies fall with a constantly increasing speed ; that 
lighter bodies, such as small raindrops, or feathers, fall with a 
practically uniform speed ; that in some media certain bodies 
do not fall at all, as, for instance, wood in water, or iron in 
mercury. Galileo was the man who first harmonized these 
apparently contradictory facts, and described them all in a 
veiy simple way. 

Up to this period nothing was known as to how far a body 
would fall in a given time, or as to what speed it would 
acquire in a given time, or as to what speed it would attain in 
falling a given distance. 

The difficulty in getting at these facts, i.e. the difficulty in 
discovering how a body falls, lay partly in the circumstance 
that the ancients had no accurate method of measuring small 
intervals of time, partly in the circumstance that the speed of 
falling bodies, after a minute interval of time, is liable to be 
very rapid, and partly in the fact that the predecessors of 
Galileo had little or no idea of obtaining knowledge by experi- 
ment. 

For measuring small intervals of time, Galileo employed a 
very ingenious water clock, which we cannot here describe. 
To prevent the attraction of the earth from giving the falling 
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body too high a speed, he allowed the body to roll down a 
smooth inclined plane of small slope. 

82. But first he satisfied himself that all kinds of matter 
would fall the same distance in the same time. One ball 
might be made of copper, another of iron : the time of descent 
was the same in each case. The resistance of the air was prac- 
tically eliminated when bodies of the same size and nearly the 
same density were let fall. But, in many cases, large bodies 
and small bodies occupy practically the same time in falling 
from the same height. On the other hand, as every one 
knows, a bunch of cotton does not fall as rapidly, in air, as 
does a bullet of lead. 

But Galileo's conclusions were that, in all such cases, the 
difference in speed was due to the ' resistance of the air. He 
regretted that he had no means of producing a vacuum, so that 
he might appeal to a direct experiment: accordingly he em- 
ployed a series of fluids of different densities, such as mercury, 
water, air; and found that as the density of the fluid dimin- 
ished the bodies descending in these fluids fell more tiearly at 
the same rate, i.e. the same distance in the same time. He 
argued, therefore, that, in the limit (i.e. in a vacuum), where 
the density is zero, all bodies, whatever their size, shape, or 
composition, fall from rest through equal distances in equal times. 

How thoroughly Galileo was justified in this conclusion was 
proved later, about the year 1650, when the air pump was in- 
vented by Otto von Guericke. One of the first experiments to 
be tried in the newly discovered vacuum was to place a feather 
and a coin in the same tube, and see whether they would fall 
at the same rate in a region devoid of air. The result was 
such as to show that Galileo was perfectly correct in thinking 
that the earth impresses the same velocity upon all falling 
bodies, if allowance is made for the resistance of the air. 

83. Galileo was now ready to begin his experiment on 
the inclined plane, to which we have referred above. This 
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Fig. 40. — Galileo's experiment. 




is very conveniently repeated in the following form. (See 
Fig. 40.) 

From one side of a room to another stretch a brass or steel 
wire of one or two millimetres' diameter. The wire should 

$5g have a slope of about one 
% foot in eight or nine, and 
^ should be stretched very 
^ taut. 

A small carriage to run 
on this wire track can be 
easily made by soldering 
to a small brass bar the 
straps of two small brass 
pulleys. (See Fig. 41.) 
The straps of the pulleys 
must be sawed through on 
the other side, so that they 
may slip over the wire. 

Fig. 41.-Carriage for Galileo's experiment. ^ g^^jj ^-^^^ ^f ^^^^^^ 

say a brass sphere, hooked on to the lower part of the car- 
riage, will keep the whole upright on the wire track. 

A pendulum, a clock, or a telegraph sounder should beat 
seconds in the room. 

Parallel to the stretched wire, and about six inches above it, 
should be stretched a string, on which some small indices 
of cardboard are strung, as shown in Fig. 40. 

On the beat of the seconds' pendulum the carriage is released 
at the upper end of the inclined track. The position of the 
carriage at the end of one second is marked by sliding a card- 
board index along the string to the proper place. A second 
observer, or a very soft buffer, to catch the carriage at the 
lower end of the track, is convenient. Another trial enables 
one to mark the position of the carriage at the end of the 
second second ; a third observation gives the position of the 
carriage at the end of the third second ; and so on. Having 
thus marked off on the inclined plane the positions of the 
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falling body at ends of successive seconds, one may tabulate 
his results as follows: 



Relation between Time and Distance of Descent 

Let t = time since carriage was released. 

X = total distance passed over by carriage, in time t. 
Ratio of length to height of inclined plane = 12.7. 



Time i 


Distance x 


Acceleration along the 
inclined plane, 


Acceleration in a 

vertical direction, 

12.7a(=flF) 


1 sec. 


30 cm. 


60 


762 


2 sec. 


118 cm. 


69~ 


749 


3 sec. 


273 cm. 


61 


776 


4 sec. 


478 cm. 


60 


762 


5 sec. 


726 cm. 


58 


737 



Observer— B, W. Gray, 27th August, 1898. 

But we have already (Eq. 6, p. 27) found that, in the case of 
a constant acceleration, a body starting from rest will traverse 
a distance which varies directly as the square of the time. 

a? = ^ a^, or a? 30 tK 

Now it is evident from the above observations that, in the 
case of the earth, the distance varies directly as the square of 
the time : for the third column of figures is as nearly constant 
as one could expect with a rough experiment of this kind. 

84. In this manner, Galileo inferred that this particular 
acceleration, namely, the acceleration produced, upon a freely 
falling body, by the earth, is also a constant. This is a capital 
discovery ; a fact with whose consequences we are so familiar 
that we are perhaps a trifle blind as to its importance. 

As every one knows, gravity accelerates a body most rapidly 
in a vertical direction, and does not accelerate a body at all 
in a horizontal direction. Indeed, all that we mean by a 
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"horizontal" direction is one in which the acceleration of 
gravity has no component. 

In Fig. 42 let us represent by the line BC the total accelera- 
tion of gravity, which we shall denote by g. The component 
of g which tends to accelerate the motion of B along the plane 

A 




Fig. 42.— Showing how Galileo " diluted gravity" in order to study It 



will be represented by the line BD, where CD is drawn perpen- 
dicular to the inclined plane and BD parallel to the inclined 
plane. If we denote the slope of the plane by the angle $, then 

BD=:g sin 0, 

But BD is the acceleration, a, which we actually determine 
in Galileo's experiment, for only a fraction of the earth's pull 
on the body is urging it down the inclined plane. To obtain 
g, or the total acceleration of gravity, we have, therefore, to 
evaluate the following laboratory equation : 

__ acceleration along plane _2 x OA 
^"" siiil ~"¥" XA 

This device is, therefore, competent not only to show that 
the acceleration of gravity is a constant, but also to give us 
the numerical value of this constant. The values of this con- 
stant derived from Galileo's experiment are given in the last 
column of the above table, but since no allowance is made 
for friction they are about 25 per cent too small. Using 
centimetres and seconds, g = 981 approximately. 

85. Having found that the acceleration of gravity is con- 
stant, Galileo at once made the following inference ; namely, 
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Time 


Speed 


1 


g 


2 


^g 


3 


3(/ 


4 


^g 


5 


^g 


6 


Qg 


etc. 



that the speed at the end of any interval of time is propor- 
tional to the first power of the time. This consequence, we 
have already seen (Eq. 5, p. 26), follows in all cases of constant 
acceleration. The inference may be tabulated as follows : 

Relation between Time of Fall and Speed Acquired 

By definition, g is the number by 
which the speed of a freely falling 
body is changed in each second. Con- 
sequently, in t seconds, the total change 
in speed will be gt\ or, if the body 
starts from rest, the results in the pre- 
ceding table are expressed algebraically 

as follows : 

S:=gt, 

If the falling body has, at time 
i = 0, a speed of S^ our expression 
for the actual speed at any instant, ^, becomes 

S=^So + gt, 

Summary of Laws of Freely Falling Bodies 

86. These are exactly the laws of a uniformly accelerated 
particle which we have studied in Chapter I., only here the 
numerical value of the acceleration, g, is practically always 
981 centimetre-second units. 

B/Clation between Speed and Time S = So-\-gT, Eq. 5 

Relation between Distance and Time x = SQT-{-\gT^, Eq. 6 
Relation between Distance and Speed S^= Sq -\-2 gx. Eq. 7 

PROBLEMS ON GRAVITATION 

In considering the following questions, tlie resistance of the air is to 
be neglected and the acceleration of gravity assumed to be 981, using 
the centimetre and second as units. 

1. A stone let fall from a window 20 metres high will strike the ground 
with what speed ? Ans. 1980 cm. per sec. 
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2. A boy throws a baseball to a height of 39 metres. With what 
speed does the ball leave his hands ? With what speed will it return to 
his hands ? Ans. 27. Q metres per sec. 

3. A tuning-fork makes 250 vibrations a second. How many vibra- 
tions will it make while it falls from rest a distance of 10 centimetres ? 
How many while falling 20 centimetres ? In the latter case, compare 
the number of vibrations performed in the first and the second decimetres 
of the fall. Ans. 36.7 vibrations ; 50.4 vibrations. 

4. A gun is held horizontal at a distance of 300 centimetres above the 
ground. How long after the gun is fired until the bullet reaches the 
ground ? During this interval, how far will it travel in a horizontal 
direction if it leaves the muzzle of the gun with a speed of 500 metres 
a second ? Ans. 0. 78 sec. ; 390 metres. 

5. A ball is allowed to roll down a smooth inclined plane of 30° slope. 
What speed would it acquire at the end of 4 seconds if its motion were not 
opposed by friction ? Ans. 1962 cm. per sec. 

THE PENDULUM 

87. The first accurate information concerning the amount 
of the earth^s acceleration was obtained by Huygens (1629- 
1695), the inventor of the pendulum clock. 

Galileo had already shown, for the first time, what is now 
familiar to most boys, that a pendulum takes practically the 
same time to vibrate, whether the angle through which it 
swings be large or small. In other words, he showed that the 
period does not depend on the amplitude. 

Huygens went a step further, and showed how this period 
does depend upon the acceleration of gravity, and how a pendu- 
lum may be used to measure this acceleration with accuracy. 

Determination op the Period op the Simple Pendulum 

88. Definition. A heavy particle suspended from a fixed point 
by means of a thread whose mass is negligible, is called a simple 
pendulum. 

When such a pendulum is pulled aside through an angle 
(Fig. 43), the particle is urged back toward its position of 
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equilibrium with an acceleration which may be easily com- 
puted as follows: 

The simple pendulum is represented by the line OB, the 
heavy particle by B, its position of equilibrium by D. 

Let the line BO represent the acceleration of gravity. This 
may be replaced by two components: one, AC, acting along 
the direction of the string, balanced by the pull of the string 
on the support 0, and hence not affecting the particle at B; 
the other component, BAy acting practically at right 
angles to the string and urging the particle back 
into its position of equilibrium. 

This latter acceleration, a, bears to g the same 
ratio that BA bears to BO, and hence ^' 



a/g = BA/BO = - sin 0. 

The acceleralidn represented by BA we call neg- 
ative because it is toward the. left. 

But when the angle is small, we may replace 
sin ^ by ^ without appreciable error. Hence 
a=: — gO, 

Let I denote the constant length of the pendu- 
lum, 10 will then be the linear displacement of the 
particle from its position of rest. This displace- oi;^ 
ment we call positive because it is toward the right. 

Accordingly, we have 

a=: — gO = acceleration, 
and x = l$ = displacement. 



Eliminating 0, we have 




a = 




whence ace — X', for g and I are constants. 

That is, the acceleration varies as the displacement, and is 
opposite in direction; since when the particle is displaced to 
the right the acceleration is to the left, and vice versa. 
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This motion therefore satisfies the criterion for Simple Har- 
monic Motion. And hence we know that the particle B moves 
to and fro with a S.H.M. in a path which, for small amplitudes, 
is practically straight. 

Since the motion of the pendulum is simple harmonic, we 
may apply to it at once the principles of S.H.M. and write for 
the period T 

T=2 n\l ^^^^^^' displacement ^ ^^ 

yi — linear acceleration 

^g sin $ 
For small amplitudes, sin 6 = 0, nearly, and hence 



T=2.y[L 



Eq, 12' 
9 

This simple expression enables one to compute the value 
of g. For T and I are easily measured ; and then we have for 
the computation of g the following laboratory equation : 

where it is to be noted that T is the time of one " complete 
vibration " ; i.e. of a swing "to and fro," not "to or fro." 

89. While a simple pendulum is a pure fiction of the imagi- 
nation, we can, at the same time, very closely approximate it 
by the use of a bullet or small brass ball suspended by a light 
thin thread. Not only so, but any solid body suspended so as 
to vibrate about a definite axis of rotation (a compound pendu- 
lum) is equivalent, so far as its time of vibration is concerned, 
to a simple pendulum of definite length. In many cases this 
definite length may be easily calculated; so that we may often 
employ the compound pendulum as the equivalent of a simple 

one. 

PROBLEMS 

1. Shortly after the invention of the pendulum clock, one was sent from 
Paris, where it kept correct time, to Cayenne, in South America. In tlu 
latter place the clock lost 2J minutes daily. The length of the pendulum 
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was adjusted so that the clock kept correct time in Cayenne ; and in this 
condition the instrument was sent back to Paris, where it now gained 2J 
minutes daily. Explain this phenomenon. 

2. It is well known that metals expand on heating. What will be the 
effects of the cold weather of winter and the hot weather of summer upon 
the rate of a clock having a brass pendulum ? 

S. A clock having a pendulum 60 centimetres long keeps correct time. 
The pendulum is lengthened to 60.6 centimetres. How many seconds 
will the clock lose each day ? Ans. 362 sec. 

4. The period of a given pendulum at Denver is exactly 1 second. 
The period of the same pendulum at Chicago is 0.9996 second. The ac- 
celeration of gravity at Denver is 979 C.G.S. units. What is its value at 
Chicago ? Ans. 979.97 C.G.S. units. 

5. There are 454 grammes in 1 pound. What is the force, in dynes, 
with which the earth attracts a mass of 1 pound, at a place where g = 980 
C.G.S. imits? Ans. 444920 dynes. 

6. Find the weight of 7 kilogrammes in dynes, g = 960. 

Ans. 6720000 dynes. 

7. A spring balance is made and graduated at a town where g = 983. 
At another town, where g = 979, the spring balance is used in a meat 
market. Who gains by this error, the man who buys the meat or the 
man who sells ? Ans. The buyer. 

8. From the basket of a balloon hangs a spring balance. This balance 
carries a mass of 100 grammes. The balloon ascends with acceleration of 
220 C.G.S. units. What will be the apparent weight of the 100 grammes 
during the ascent ? Ans. 122 grammes. 

9. A ball thrown vertically upward is caught by the thrower 6 sec- 
onds later. Neglect the resistance of the air, and compute the height to 
which the ball was thrown. Ans. 122.6 metres. 

10. The radius of the earth is 636,000,000 centimetres. At what linear 
speed must a body move along the surface of the earth to lose all appar- 
ent weight ? ^^^ ^ g s^ ^ gg^ . ^ ^ ^ggg metres per sec. 

636 X 106 ^ 

Universal Gravitation 

90. Before the time of Newton (1642-1727) Copernicus had 
demonstrated that the sun was the centre- of the solar system; 
but neither he nor any one else had shown what it was that 
kept the planets in motion about the sun. 
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Newton pointed out, as we have already seen (Sec. 54), 
that bodies do not require any force to keep them in 
motion. When no forces are acting, the body moves at a 
uniform pace in a straight line. Motion is just as natural 
to a body as rest. But when either the amount or the direc- 
tion of the speed is altered, then we know some force is at 
work. 

In the case of the planets moving in almost circular paths 
about the sun (Fig. 44), the direction of the velocity of each 
planet is constantly changing. What is the force which is 
ever changing the velocity but not the speed of the planets ? 

We have already seen (p. 56) that 
when a particle moves in a circle, 
from whatsoever cause, there is a 
force, mcoV, attracting the parti- 
cle toward the centre. 

Ill like manner, the moon re- 
volves about the earth in a path 
which is almost circular. What 
is the source of its attraction ? 
The five satellites of Jupiter also 
move in nearly circular paths. 
Why do they not move off along straight lines, for the straight 
line is the path of a body when left to itself ? 

Before considering Newton's answer to this question, let us 
recall the fact that the dimensions of each of these planets are 
so small compared with their distances from the sun that they 
may be treated as particles. Newton showed by mathematical 
computation that if we suppose the sun to attract each of the 
planets with a force which varies directly as the mass of the 
planet, and 'inversely as the square of the distance between 
the planet and the sun, this supposition will explain, in the 
most satisfactory manner, all the motions of the planets. 
Going one step farther, he supposes that any two particles, or 
masses which may be considered as particles, m and m', attract 
one another with a force depending only on the product of the 




Fig. 44. 
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masses, mm*, and the square of the distance, r. Expressing 
this in the language of algebra, 

F=k'^ dynes, Eq, 25 

where A: is a numerical constant. 

91. Newton next proved that this supposition would explain 
the circular path of the moon. And by an elegant demonstra- 
tion, which, however, must be reserved for the more advanced 
student, he showed that the reason ordinary bodies at the sur- 
face of the earth are heavy is that the earth attracts them just 
as it does the moon. The whole earth acts as if its mass were 
concentrated at its centre, so that bodies at the surface of the 
earth act as if attracted by a particle whose mass is that of 
the earth, and whose distance is 4000 miles. 

The law expressed above by Eq, 25 is known as Newton's 
Law of Universal Gravitation. Let the student bear in mind, 
however, that this law simply describes the behavior of a mass m 
in the presence of another mass m\ and, as Newton himself clearly 
pointed out, does not explain gravitation even in the slightest 
degree. Why bodies attract one another is as much of a mystery 
as ever. How bodies attract one another Newton discovered 
and described in the most elegant manner. 

Centre op Mass op a Body 

92. Since the earth acts as if it were a particle 4000 
miles away, it is evident that any one part of a body at the 
surface of the earth is attracted in a direction which is in 
general slightly different from that of any other part; but 
this difference of direction is so exceedingly minute that we 
generally speak of the weights of the various particles in a 
body as parallel forces. And the total weight of a body we 
know results from the individual weights of its individual 
particles. 
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Digression on Parallel Forces 

93. We have found (p. 7) a general method for the addition 
of all vectors. This method when applied to any number of 
forces gives us the amount and the direction of the resultant ; 
but there is one very important thing which this rule does not 
tell us, viz. the point at which the resultant is applied. 

Let us, for instance, string two heavy masses. Mi and M^ 
(Fig. 45), upon a light rod. Let Wi be the weight of one mass 
and W2 the weight of the other. We then know, by the rule 
for addition of vectors, that the total weight of the system R 
is Wi -h Wi, But through what point of the system this total 
weight, E, acts we have yet to discover. 

Ms 




t 



I 

Fig. 45. 

From whatever point we may hang the system, the weight 
of it, as read off on the spring balance, will be the same. But 
there is only one point on the bar at which we can place the 
balance and have the system remain horizontal. That is, there 
is only one point of support about which the weights will offer 
no moment of force tending to rotate the bar. When once we 
have placed the hook of the balance at this point of zero 
moment, we have discovered the point through which the 
resultant R acts. The weight is not zero, but the arm of the 
resultant weight is then zero; or, what is more strictly true, 
the sum of all the moments tending to rotate the system about 
this point of support is zero. This point is known as the centre 
of mass of the system. 

Definition of Centre of Mass 

94. That point in any body through which pass all axes 
of zero moment due to gravity is called its centre of mass. 



GENERAL PROPERTIES OF MATTER 89 

From this definition it is evident that if a body be sup- 
ported through this point it will be in equilibrium, i.e. it will 
not rotate, because there is no resultant moment of force 
acting upon it, and it will not be translated because the point 
at which it is supported is fixed. This leads to an easy method 
for determining, by experiment, the position of the centre of 
mass in a body. 

If a body is straight and slender, as in the case of a wire or 
a walking-stick, we may locate the centre of mass at once by 
balancing the body over a knife-edge, thus discovering the 
point about which the moment of force is zero. 

But if the body be a lamina, i.e. a thin flat plate, we may 
infer from symmetry that the centre of mass lies somewhere 
in the plane of the body. 
And by balancing the body 
about a knife-edge we may 
determine in this plane a 
straight line AB (Fig. 46), 
which contains the cen- 
tre of mass. If, now, we A 
choose another position for 

the knife-edge, say A'B', Fig. 46. — Determination of centre of mass by ex- 

and balance the body on periment. 

it again, we shall locate the centre of mass on another straight 
line- 
Since, now, we know that the centre of mass lies bn each 
of these two straight lines, we know that it must lie at their 
intersection, C. We shall hereafter frequently denote centre 
of mass by the letters cm. 

95. In the case of an extended body, i.e. one all three of 
whose dimensions are considerable, we should need to balance 
the body about three different lines ; for, in this case, each 
balance would determine one vertical plane in which the cm. 
lies; and three such planes would be required to locate, by 
their intersection, the cm. of the extended body. 
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In many cases of this kind the cm. can be located by sym- 
metry, as in the case of a sphere or a parallelopipedon or a 
cylinder ; but only where the density of the body is uniform 
or symmetrical. In the case of "loaded" dice, for instance, 
the centre of mass would not coincide with the centre of figure. 

It is a general principle of dynamics, first formulated by 
Galileo, that the centre of mass always seeks the lowest possi- 
ble position in space. This we now recognize as a special case 
of a still more general principle, — that the potential energy of 
a body tends to become a minimum. 

But however this principle is stated, it suggests still another 
slightly different method for getting the cm. of a body ex- 
tended in all three dimensions, viz. instead of balancing on a 
knife-edge, suspend the body from some one point by a thread ; 
the cm. will seek its lowest position, and will, therefore, lie in 
the straight line determined by the thread. 

If, now, the body be suspended from another point, a second 
line will be determined in which also the cm. lies. The inter- 
section of these two lines must occur, else the body would have 
two centres of mass. This intersection must, therefore, be the 
cm. In this jray two observations, instead of three, suffice to 
locate the cm. of a three-dimensional body. 

Equilibrium of Heavy Bodies 

96. We have already seen that when the centre of mass of 
a heavy body lies in the same vertical line with the point of 
support, there is no moment of force tending to rotate the body. 
Such a body is said to be in equilibrium. We all know from 
daily experience that bodies may be in equilibrium in a variety 
of ways. A lead pencil may, with a little care, be made to 
stand upon an end which has not been sharpened, and it is 
said to be in equilibrium ; but a breath of wind, or the slight- 
est blow, is sufficient to " start " it, and, when once started, it 
falls over, " of itself," we say. If th^ pencil be a round one, 
it will rest on its side in any position we may give it, so long 
as it lies on a horizontal plane. Here, again, it is said to be in 
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equilibrium ; but if it be displaced slightly, it will still be in 
equilibrium in its new position ; for there is no force or moment 
of force acting upon it in any position so long as it lies on its side. 
Let us, again, consider such a body as a brick lying on any 
one of its sides. We all know that if the brick be slightly 
lifted at one end, i.e. if the brick be slightly rotated about one 
edge, it will not go on and "of itself" rotate still farther ; but, 
if released, will return to its original position of equilibrium. 

97. These three cases typify all the cases of equilibrium met 
with in nature. Their essential features are the following : 

1. Unstable Equilibrmm. When a body is supported in such 
a way that its centre of mass is lowered by a slight displace- 
ment, its equilibrium is said to be unstable ; for the slightest 
displacement will introduce a moment of force tending to 
rotate the body still farther. For illustration, imagine a cone 
inverted and balanced on its apex. The cm. when the cone 
is ever so little inclined moves down a spherical surface; and 
hence tends to move farther, of itself. 

2. Neutral Equilibrium. If a body is supported in such a 
way that its cm. remains at the same height above the point 
or line of support, its stability is said to be neutral ; for when 
disturbed no moment of force will be introduced to displace it 
farther or to restore it to its original position. Such a case is 
represented by a right cone lying on its side in a level plane. 
The cm. lies on a level, and has, therefore, no tendency to 
move in any direction. 

3. Stable Equilibrium. When a body is supported in such a 
way that the slightest displacement will raise its cm., the 
body is said to be in stable equilibrium ; for the slightest dis- 
placement will introduce a moment of force tending to restore 
the body to its original position. Such a case is found in a 
right cone standing on its base. Any small motion of such a 
cone starts the cm. up-hill, so to speak; and w^hen left to 
itself, the cm. tends to roll back, down-hill. 

It should be carefully observed that in each of the three 
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different cases of equilibrium the cm. of the body seeks its 
lowest position; or, to refer this behavior to the more gen- 
eral principle, the potential energy of the body tends to become as 

small a^ possible, 

PROBLEMS 

1. In which of the following cases does the cm. lie inside, and in 
which outside, the body : a teacup, a straight copper wire, the same wire 
bent into the arc of a circle, a hoop, a silver half-dollar, a baseball, a 
football ? 

2. Locate, by geometry, the cm. of a triangular sheet of brass. If a 
comer of this triangle be clipped off along a line parallel to the opposite 
side, the cm. will be displaced along what line ? 

3. A metre scale (the mass of which is negligible) is divided into deci- 
metres, and at the end of the first and eighth decimetres are attached 
masses of 1 and 9 kilogrammes respectively. Where is the cm. of the 
system ? Ana. At the end of 73d cm. on the scale. 

4. How would you describe the stability of a body in terms of the 
various kinds of equilibrium? When is one body more stable than 
another ? 

6. Why is one^s stability less when coasting on a wheel than when 
resting his weight on the pedals ? 

6. Illustrate the fact that the equilibrium of a body may be stable even 
while the centre of mass lies above the base of support. 

THE BAIiANCB 

98. The balance is known to most people as an instrument 
for comparing the weights of two different bodies ; i.e. for com- 
paring two different forces. 

The grocer when he sells us a pound of coffee deals out an 
amount such as the earth will attract with a force which Eng- 
lish-speaking people have agreed to call "the weight of one 
pound." 

The weight of one pound is simply the pull of the earth * upon 
a certain piece of platinum preserved in the Standards Office at 
London. 

♦Strictly speaking, "the weight of a pound" is the pull of the earth 
on the platinum mass diminished by the centrifugal force due to the 
earth's rotation. The weight of a body is, therefore, about one-third of 
one per cent less than the pull of the earth upon it. 
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99. The essential features of the ordinary balance are : 

1. A rigid beam carrying three knife-edges, one near each 
end, and a third, as nearly as possible, midway between these 
two. 

2. Two scale-pans supported, one on each knife-edge at the 
end. 

3. The beam when carrying the knife-edges and the pans 
must be in stable equilibrium. This is accomplished by so 
placing the knife-edges and so distributing the mass in the 
beam that the cm. of the whole system lies just below the cen- 
tral knife-edge. Why would not neutral equilibrium answer 
quite as well as stable ? 

4. The whole system must be sensitive to a small moment 
of force. This is accomplished by making the distance from 
the central knife-edge to the cm. very small. How does this 
secure the desired result ? 

5. A pointer, or index of some kind, generally fastened to 
the beam for the purpose of indicating the position of equi- 
librium. 

Principle of the Balance 

100. In physics the balance is employed to compare two masses 
by means of comparing their weights. This is done as follows : 
The position of equilibrium is observed before any mass has 
been added to either pan, that is, when the pans are empty. 
The body whose mass is required, having been placed in one 
pan, standard masses are then placed in the other pan until 
the moments of force which their weights exert on the beam 
are just equal. Since these two masses tend to rotate the 
beam in opposite directions with equal moments, the total 
moment will be zero. This equality and opposition of mo- 
ments is indicated by the pointer coming back to the same 
position of equilibrium which it had when the pans were 
empty. Thus, the immediate purpose of the balance is simply to 
tell us when we have equal moments of force. 

Now if, in addition, the arms of the balance (that is, the 
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respective distaaces between central and end knife-edges) are 
equal, we know that the weights of the two bodies, in their 
respective pans, are equal. 




Fig. 47. 

Let li and I2 (Fig. 47) indicate the length of the arms, Wi 
and W2 the weights of the two masses Mi and Jfg. Then, by 
proper adjustment of the masses, we make 

Wih = - >ty2. 

So that the total moment, L, is zero. 

L = Wih 4- W^2 = 0. 
If, now, ^1 = — I2, 

then Wi = W2 

or Jfigr^ = 3/3^2- 

But Newton and Galileo have shown that, at any one point 
on the earth's surface, the acceleration of gravity is the same for 
all bodies. Expressed in a more useful form, i.e. in an alge- 
braic form, this would read. 



And hence 



gi = 92- 

Ml = 3fa. 



So that really the equality of masses is an inference from 
the equality of moments. And this inference would not be 
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allowable if the earth acted as a magnet, attracting different 
bodies with a force depending upon the kind of material as well 
as the mass of material in them."* 

GENERAL PROPERTIES OF MATTER— Continued 

IV. Elasticity 

lOL In the preceding pages we have had frequent occasion 
to deal with a " rigid ^' body, by which we have meant a per- 
fectly rigid body ; i.e. ona the relative position of whose parts 
admits of no change whatever. Experience tells us that no 
such bodies are met with in nature ; although we have many 
close approximations. A strip of hard and brittle window 
glass may be bent with ease. Cold steel can be rolled or 
drawn into various shapes. While for all ordinary operations 
the metal parts of a pair of shears, the frame of a bicycle, the 
beam of a balance, etc., are rigid bodies, there are many cases 
in which we are forced to recognize the fact that each of these 
bodies changes shape or size. Bodies that can be changed* in 
this way are said to be elastic. 

In the case of a collision, it may become painfully evident 
that one's bicycle frame is not a rigid body. In case one is 
weighing a large load, the balance beam is liable to bend 
slightly and thus lower the cm. of the balance, and hence 
diminish the sensibility of the balance. 

A large variety of the phenomena of elasticity are familiar 
to us all : one need only mention the pneumatic tire, the rub- 
ber band, the bending of an oar, the elastic resistance of the 
water, the " straining" of a ship, the vibrations of a steel bridge. 

102. To bring some degree of order out of this chaos of 
experience, is the object of this chapter. And this is not very 

* The earth, indeed, is a great magnet, directing the compass needle, as 
we all know ; but, as we shall see later, it does not attract the needle as 
a whole. It simply rotates the needle into one position, but does not 
translate it ; since the lines of magnetic force at any one point on the 
earth's surface are practically parallel. 
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difficult. For, indeed, careful examination shows that, after 
all, there are only two kinds of changes which may occur in 
the configuration of elastic bodies ; viz. 

1. Change of size, i.e. Compression or Dilatation. ) «. . 

2. Change of shape, i.e. Distortion. j 

When a body is changed in either of these ways, it is said 
to be strained. The size of a body may be strained, and the 
shape of a body may be strained; and these are the only 
strains that are known. Since all known bodies ai-e subject to 
one or both of these changes, elasticity is said to be a general 
property of matter. 

Distinction between Solids and Fluids 

103. But while all bodies may be changed as indicated, they 
behave very differently during the change. 

If we attempt to alter the shape of a piece of glass tubing 
by bending it, we shall find that this will require a moment of 
force ; that, if we remove the force, the rod regains its original 
shape. In like manner, we should find that force would be 
required to change the size of the glass rod, and that this force 
would need to be maintained so long as the changed size is 
maintained. 

Now imagine a second case in which the glass tube is full 
of mercury or coal gas while it is being bent : the mercury will 
offer no permanent resistance whatever to a change of shape ; 
it conforms perfectly, without requiring any moment of force, 
to the shape of the containing vessel. The mercury has, in 
fact, no elasticity of shape. The same is true of the coal gas. 
But if one attempts to compress the mercury or the coal gas 
into a smaller volume, he finds that this operation requires 
force ; and that this force must be maintained so long as the 
diminished volume is maintained. Mercury and coal gas have, 
therefore, elasticity of size; but they have no shape of their 
own. 
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All bodies in nature fall into one or other of the two eases 
we have just considered ; and this fact leads to the following 
definitions : 

1. Bodies which exhibit both elasticity of shape and of size 
are called solids. 

2. Bodies which possess elasticity of size, but not of shape, 
are called fluids. 

As is well known to every one, this distinction between 
fluids and solids is not a distinction between different sub- 
stances, but between different bodies. For the same substance 
may, under different circumstances, assume each of these two 
states — one needs only to recall the case of ice and water. 

Distinction between Gases and Liquids 

104. While mercury and air are alike in possessing only 
elasticity of size, they differ very much in the manner in which 
they exhibit this elasticity of size. 

No one ever heard of a closed vessel partly full of air ; a 
closed vessel of a7iy size containing any amount of air is 
always full of it; and, at ordinary temperatures, the air is 
distributed uniformly throughout the entire vessel. Contrast 
this with mercury or water, which may or may not completely 
fill the vessel. 

Definitions : 

1. " There are certain fluids any portion of which, however 
small, is capable of expanding indefinitely so as to fill any 
vessel, however large. These are called gases." 

2. " There are certain other fluids a small portion of which, 
when placed in a large vessel, does not expand so as to fill the 
vessel uniformly, but remains in a collected mass at the bottom, 
even when the pressure is removed. These fluids are called 
liquids." — Maxwell, Art. "Constitution of Bodies," Ency. Brit. 
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105. We might summarize the preceding classification of 
bodies as follows : 

Eigid — not known in nature. 

Solids. 
Fluids 



Bodies 



> Elastic 



( Gases. 
I Liquids. 



Quantitative Consideration of Elasticity 
Coefficients of Elasticity 

106. A builder who is putting up a roof or a bridge always 
finds himself between Scylla and Chary bdis. The bridge must 
be strong enough to sustain its heaviest load easily; and, at 
the same time, it must contain as little useless material as 
possible. In order to secure this latter result, the engineer 
must have definite and quantitative information concerning the 
elastic properties of the steel to be used in the bridge: in 
particular, he must know what elongation (stretch) will occur 
in a specimen of this steel, having a definite length and a 
definite area of cross-section, when it is given a definite load to 
carry. 

In like manner, the engineer who designs a cotton mill must 
know what moment of force a steel shaft will safely transmit 
before he can determine the proper size of shafting to be used 
in the mill. The designer of a steam engine must, likewise, be 
definitely informed concerning the elastic properties of steam. 
A certain amount of steam has been admitted to the cylinder 
of an engine and the port closed ; what pressure will it exert 
when the piston has reached the end of the stroke ? Answers 
to such questions as these have been obtained by the following 
method : 

Genercd Definition of Stress and Strain 

107. When two or more forces are applied to a body in such 
a way that their resultant is zero, there is no acceleration and 
no evidence, therefore, from the motion of the body, that such 
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individual forces are acting. Such forces are said to be in 
equilibrium. Their existence is shown by the strains which 
they produce in a body. 

" A stress is an equilibrating application of force to a body. 
" A strain is any definite alteration of form or dimension of 
a solid. " — Kelvin. 

Elasticity is measured by the resistance which a body offers to 
change either of size or of shape; i,e. 

Elasticity = ?^^5??. Eq. 26 

strain 

Elasticity of Size, L Length 

108. When a force is applied to a body in such a way as to 
alter its length, either by compressing it or by stretching it, the 
force is necessarily distributed over the cross-section of the body. 

The longitudinal stress at any point in a body is defined as 
the ratio of the force to area at that point. Longitudinal stress, 
then, is not a force, and is not measured in dynes ; but it is 
measured in dynes per square centimetre. 

A longitudinal stress always changes the length of the body 
to which it is applied. The total change in length depends not 
only upon the stress, but also upon the length of the body. 
Hang a kilogramme on the end of a wire one metre long : the 
elongation will be a certain amount. If, now, the same kilo- 
gramme is hung from the end of a wire of the same kind two 
metres long, the elongation will be twice as great. But the 
wire is strained by the same amount in each case. Conse- 
quently longitudinal strain is defined as the ratio of the total 
elongation to the length. 

109. In the case of a wire, let 

L = length of wire ; 
a = area of cross-section of wire ; 
F = stretching force applied to wire ; 
e = total elongation produced by F, 
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The longitudinal stress = F/a dynes per square centimetre 
and the longitudinal strain = e/L centimetres per centimetre. 

Now the longitudinal elasticity of any material is measured 
by the ratio of the longitudinal stress to the longitudinal strain. 
And hence for this ratio, which is generally known as Young's* 
modulus, we have in the case of a wire 

Young's modulus = M = ^o^^^^^^Jtrtas 

longitudinal strain 



or M=^ = —. Eq,26A 



(i) 



From this equation it is evident that, in order to determine 
M by experiment, we must measure the four quantities in the 
right-hand member of the equation. As a stretching force it 
is often most convenient to use the weiglit of a mass, m ; viz. 
mg. If we employ a round wire of diameter d, its area will be 
7rcP/4. Accordingly Eq. ^6 A may be written 

irecr 

in which all the quantities on the right are directly measu- 
rable. Such an equation we have called a laboratory equation. 

110. M has been measured for a large number of substances, 
and has been found to be constant, for any one substance, 
within certain limits. These limits vary from substance to 
substance. For steel and glass these limits are not very wide ; 
for rubber the limits are exceedingly wide. And hence the 
popular impression that rubber is highly elastic. As a matter 
of fact, glass or iron is vastly more elastic than rubber; for to 
produce a given strain in glass much greater stress is required 

♦The life of Thomas Young, a London physician, forms one of the most 
interesting chapters in the history of physical science. See his biography 
in Ency, Bnt, 
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than to produce the same strain in rubber. One can test this 
by allowing two small balls^ one of rubber and one of glass, to 
fall from equal heights. The flattening of the rubber when 
they rebound to equal heights is much greater. (Try this on 
oiled glass or marble plate.) 

111. In such an equation as that which defines Young's 
modulus many important physical facts have been summa- 
rized. The student should early acquire the habit of inter- 
preting the physical meaning of each equation which he 
employs. 

Solving Eq, 26 A for e, we have 

e = Fl/aM, 
from which we may write at once : 

The elongation 

oc directly as the stretching force. (Hooke's Law.) 

QC directly as the length. 

QC inversely as the area of cross-section of the wire. 

QC inversely as the longitudinal elasticity ; i.e. the elonga- 
tion depends also upon the material of which the 
wire is made. 

Each of these predictions is easily tested in the laboratory. 

112. If an engineer wishes an iron rod of length L to carry 

a certain load, which we may call F, without producing an 

elongation greater than a certain amount e, our equation tells 

him at once just how large a cross-section, a, the rod must 

have; viz. 

a = FL/eM. 

Elasticity of Size, IT, Volume 

113. Let us denote the volume of a body by F. Imagine 
the volume to be subjected to pressure so that it is diminished 
by an amount v. 
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The ratio of the diminution to the total volume is called the 
YOluminal strain. Suppose further that this change of volume 
has been produced by applying a force -F to a surface of area a ; 
as, for instance, when air is compressed in an ordinary bicycle 
pump. The ratio of the total force to the area over which it is 
applied is the voluminal stress ; and is what we call pressure. 

In accordance with our general equation (p. 99), the elas- 
ticity of volume for any material is measured by the ratio of the 
voluminal stress to the voluminal strain. This ratio is gen- 
erally known as the bulk modulus, and is commonly denoted 

Bulk Modulus = * = ^»?H5i??L?tre88 

Voluminal strain 



(7) 



OP A; = -^ = — . Eq.26B 



The reciprocal of the bulk modulus is what is known as the 
compressibility of a substance. 

Elasticity of Shape 

114. In a strictly analogous manner is defined the elasticity 
of shape, more frequently called the rigidity modulus. 

_. ,^,^ ^ , shearing stress 

Rigidity modulus = /i = -r — , ^ — ;-. 

shearing strain 

But this subject is somewhat intricate, and must be left for 
later study. Before leaving it, however, we merely remark 
that the rigidity modulus of any material measures its strength 
in resisting a shear, and hence its fitness for mill shafting, for 
propeller shafts of steamships, etc. Without attempting to 
define shearing stress or shearing strain, we can only say that 
when a rod or shaft is twisted a shearing stress is exerted upon 
it; and this produces a shearing strain, z.e. one surface is dis- 
placed over another, just as would happen if the rod were cut 
in two by a pair of shears. 
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PROBLEMS ON ELASTICITY 

1. A wire whose original length was 64.4 centimetres has been stretched 
so that it is now 70.0 centimetres long. Find the longitudinal strain of the 
wire. Ans. 0.879. 

8. A wire has a radius 2 millimetres and carries a load of 40 kilo- 
grammes. Find the longitudinal stress on every crossHsection of the wire. 
Express your result in C.G.S. units. 981000000 

3. A certain metal rod has an area of cross-section equal to 3 square 
millimetres. The length of the rod is 150 centimetres. Young^s modulus 
for this rod is 12 x 10^^ C.G.S. How much will the rod be elongated 
by stretching it with a force of 8,000,000 dynes ? Ans, ^ cm. 

4. I wish to support a weight of 10 kilogrammes by use of a wire 2 
metres long. Young's modulus for the wire is 8 x 10^^ C.G.S. What 
cross-section must the wire have in order that it may not stretch more 
than 1 millimetre when the load is attached ? Ans. 0.0245 cm'. 



CHAPTER IV 

SOME SPECIAL PROPERTIES OF MATTER 

115. In the preceding pages we have considered four prop- 
erties of matter which are perfectly general. It is an experi- 
mental fact that matter possessing any one of these possesses 
all the others. This by no means exhausts the list of general 
properties, but it probably includes those which are most im- 
portant as parts of the intellectual equipment of a liberally 
educated man. 

Properties of Liquids 

116. We shall first consider some of the special properties 
of liquids, and from the three following points of view : 

I. Behavior of Liquids at Rest and under Gravity ; Hydro- 
statics. 

II. Behavior of Liquids at Rest and freed from Gravity; 
Surface Tension. 

III. The Behavior of Liquids in Motion will be considered 
briefly in the following chapter on Wave Motion. 

I. HYDROSTATICS 

117. There are few people who are not familiar with the 
fact that the water in a teapot stands at the same height in 
the spout as in the pot. The danger of a leak in the hull of 
a boat arises from the fact that the boat will continue to " fill " 
until the water stands at the same level inside and out. Mer- 
cury in a U-tube stands at the same level in each arm, pro- 
vided the diameter of the tube is uniform or large. If, in any 
of these cases, the level is disturbed for an instant, it is quickly 
restored when the force producing the disturbance is removed. 

104 
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This behavior of liquids has been summarized and described 
in a very brief and simple manner. But we must first digress 
to add another word to our vocabulary ; viz. pressure. 

Definition of Pressure 

118. In physics the term pressure is employed always to 
denote the ratio between the force applied to any surface and the 
area of that surface. Let us denote pressures by P, forces by 
Ff areas by Aj then 

7-7 / yi Defining equation for 

P = F I A. average pressure 

over area A. 

VF~\ Defining equation for 

x^= — . pressure at any Jii^. Til 

\A^A=0 point. 

First Law of Hydrostatics 

119. I. The pressure is the same at all points in a horizontal 
plane of a liquid at rest under gravity. 

For if the pressure were not the same at all points, we should 
have present a force tending to drive a particle from one point 
to another on a horizontal surface. And this we do not find 
in nature. When a pebble sinks in quiet water, there is no 
lateral pressure thrusting it either to one side or the other. 

Among those surfaces over which the pressure is uniform 
may be reckoned the top of the liquid, the bounding surface, 
more generally called the free surface. 

It follows, therefore, as a corollary to the preceding law that 
the free surface of a liquid is horizontal. 

120. Having clearly grasped the evidence for, and the mean- 
ing of, the first law of hydrostatics, we next consider its " expla- 
nation"; i,e, we want to know just how it happens that when 
two bottles are connected, as in Fig. 48, the water runs from 
Ato B until i;hey reach the same level. For this purpose let 
us compute the potential energy of a mass of water, m : 

1. When it is all confined in the bottle A, 

2. When equally divided between the bottles A and J5. 
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Imagine the bottles each of the same diameter and of uniform 
diameter throughout. 

Let fi denote the height of the liquid in A, before the stop- 
cock C is opened. If, now, we neglect the very small amount 

of liquid in the connecting tube, 
the centre of mass of the liquid 
when it is all in A will lie at 
a height h/2 ; and the potential 
energy of the water with ref- 
erence to the bottom of the bottle is therefore mg • h/2. 
(Eq. 24, p. 70.) 

When, however, the stopcock C has been opened, the water is 
shared equally ty the two bottles. The centre of mass in each 
bottle stands at a height ^/4; the potential energy of the 
water in each bottle is, therefore (nig/2) (h/^) ; and the total 
potential energy of the water now is 2 • mg/2 • h/4: or mgh/4: 
instead of mgh/2 as in the preceding case. While neither 
the mass nor the weight nor the volume of the liquid has 
changed, we observe that the potential energy has diminished 
by 50 per cent. 

The first law of hydrostatics is, therefore, simply a special 
case of the general dynamical principle that the potential 
energy of a system when left to itself tends to become as small 
as possible. 

What becomes of the 50 per cent of energy which, in this 
particular case, ceases to be potential ? 

* 

Second Law of Hydrostatics 

121. Most boys have observed when in swimming that they 
can dive to very moderate depths without being troubled by 
water getting into their ears ; but that, if they exceed a depth 
of eight or ten feet, water almost invariably gets into their 
ears. Builders know that when a tank is put into the attic 
of a house the walls of the tank must be made strong not in 
proportion to the volume of water which it is to hold, but in 
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proportion to the depth of water in the tank. These and all 
similar phenomena are described as follows : 

II. The pressure at any point of a liquid at rest under gravity 
is proportional to the depth. 

The facts are summarized more compactly in the symbols 
of algebra as follows : The pressure at any point 
in the liquid will be the total weight of the 
liquid supported by any small area about that 
point, divided by the area. To this must be 
added the pressure of the air upon the free sur- 
face of the liquid. Let 

P = pressure at any point in liquid (see Fig. 
49); 

B = pressure of earth's atmosphere on free 
surface of liquid ; 

W— weight of liquid supported by area a. 

Then P = W/a + B. 

But from the definition of density (Eq. 13, p. 48) 

W= ahD . g, 

where h = vertical distance of area a from free surface ; 

D = density of fluid, here supposed to be uniform ; 

g = acceleration of gravity. 

Hence P=hD - g + B. Eq. 27 A 

If we now neglect all pressure of the atmosphere, and con- 
sider that due to the liquid alone, we may write 

Paohy 
which is the law stated above. 




Fig. 49. 



From the definition of a fluid, it is evident that a fluid 
cannot permanently uustain a shearing stress however small ; 
hence the pressure is normal to any face, and, at any one point 
in the liquid, is equal in all directions. 
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But this second law describes the behavior of one liquid 
only. Consider a vessel filled with water in one case and mer- 
cury in another. At one given depth, h, in the vessel, how will 
the pressure change when the liquids are changed ? 
Equation 27 A, p. 107, answers this question at once ; since it 

shows 

PocZ>. 

We have then, as a corollary to the second law of hydro- 
statics, the law that the pressure varies directly as the density. 

Accordingly, if we change from water to mercury, the press- 
ure is increased more than 13 times. 

The Principle of Archimedes 

124. The modern marine engineer, in designing a boat, com- 
putes the weight of all the material which enters into its con- 
struction. Often the iron used in the hull is actually weighed. 
Knowing the dimensions of the boat, the designer is then 
able to say, generally within less than an inch, and before the 
boat is launched, just how deep she will lie in the water. The 
simple manner in which this prediction is made will be evident 
from the following : 

Whether a body floats or sinks when placed in a liquid, one 
fact is patent to everybody; viz. the body apparently loses 
weight. But just how much weight a body loses under these 
circumstances was first determined by Archimedes (287-212 
B.C.), the founder of our present system of hydrostatics. 

It is evident that since the pressure increases with the 
depth, the bottom of an immersed body will be subjected to 

a pressure upward which is greater 
than the pressure downward to which 
the top of the body is subjected. The 
pressure of the water on a body will, 
p. gQ therefore, always exert a buoyant force. 

Archimedes saw very clearly, and 
verified by experiment, the fact that if from any vessel of 
liquid (Fig. 50) we remove a portion of the liquid, the upward 
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force, exerted by the surface bo exposed, will just support the 
weight of the liquid removed. Not only so, but it is evident 
that this upward force acts through the centre of mass of 
the displaced fluid ; since, when the fluid is replaced, there is 
no moment of force tending to rotate it. 
By such reasoning he established the 

Third Law of Hydrostatics, 
which may be stated as follows : 

III. The resultant force of a fluid on a body immersed in it 
acts vertically upward throagh the centre of mass of the 
displaced fluid ; and is equal to the weight of the displaced fluid. 

Manifold applications of this principle will be met in the 
laboratory. 

II, THB PHBNOMBNA OP SOBFACB TBNSION 
125. When two liquids are brought together either they mix 
and diffuse, the one into the other, or they do not mix, and 
consequently exhibit what are known as the phenomena of 
surface tension. In these phenomena, sometimes called capil- 
lary, the very laws of hydrostatics which we have just been 
studying appear to be contradicted. 



Fig. 51, 

Arrange two U-tubes (as in Fig. 51), the smaller arm 
having an inner diameter of from one to two millimetres. 

Partly fill one U-tube with mercury and the other with 
water: the mercury in the small arm does not rise so high as 
in the large ; while with the water the reverse is true. Either 
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of these phenomena is sufficient to show that, in communicating 
vessels, liquids do not always stand at the same height. But, 
as noted above (p. 104), this is only the fact when the com- 
municating vessels have the same diameter, or when each is 
large. 

Any one who has ever placed a small drop of mercury on a 
plate of glass knows that its centre of mass stands at some 
distance, perhaps a millimetre, above the surface of the glass. 

A (See Fig. 52.) This phenomenon, on 

'i ? its face, would appear to be an excep- 

ig. . — ercuiy on g ass. ^^^^ ^^ ^j^^ general dynamical principle 

that the potential energy of a system tends always to a mini- 
mum. Why does not the drop flatten out? Why does not 
its centre of mass assume a lower position ? 



Our task now is to show that these contradictions are 
only apparent, and that the phenomena of the liquids in the 
U-tube and the phenomenon of the drop of mercury are in 
perfect accord with general principles already known. In the 
discoyery of the harmony between any one truth and all other 
truths lies the essential feature of an '^ explanation." 

No one can try the following experiments without being im- 
pressed with the fact that liquids in air behave very much as 
if they were contained in a sac or thin membrane, continually 
holding them in position. 

1. A glass rod dipped into a tumbler of water picks up a 
drop and carries it on the end of the rod as if a little rubber 
bag were tied about the end of the rod and filled with water. 

2. A falling raindrop nearly always assumes a spherical 
shape as if it were enclosed in a skin of some sort, and this 
skin were continually compressing it into the smallest possible 
volume. 

3. The following experiment should be tried by every one 
to whom it is not perfectly familiar: 

In a camePs-hair brush, when dry, the individual hairs stand 
apart to some extent, giving it a somewhat bushy appearance. 
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Dip the camePs-hair brush into a tumbler of water ; the same 
bushy appearance remains. Remove the wet brush from the 
water to the air : the film of adhering water at once binds the 
individual hairs together, as a band does a sheaf of oats. The 
liquid in air acts as if it were covered by a film always tending 
to contract. 

4. A piece of clean, fine wire gauze may be bent into the 
shape of a small open box. Water may be poured into this box 
to a considerable depth without running through the meshes. 
Explain this. 






Fig. 53.— A drop of oil 
freed from gravity. 



Fig. 54. 



5. In a few minutes one can make a mixture * of alcohol and 
water that will have very nearly the same density as olive oil. 
A drop of oil placed in this liquid, as indicated in Fig. 53, will 
not mix with it; nor will it be affected by gravity. How do you 
explain the perfectly spherical shape which the oil assumes ? 

6. One of the simplest methods of observing this phenome- 
non of liquid surfaces is the following : 

Make a strong solution of castile soap. Bend a piece of alu- 
minium wire (about No. 20 or No. 25) into the shape shown in 
Fig. 54, making the diameter of the ring about two inches. 



* About 60 per cent of alcohol and 40 per cent of water will give a 
mixture which is nearly right for ordinary olive oil. 
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Fig. 55.— Soap film assuming smallest area. 



At some point, A, of this ring tie a loop of thread, B. If, now, 
the ring be dipped into the soap solution, a film may spread 
over it. There are really two films, enclosing a thin layer 

of the soap solution 
between them. The 
thread floats on the 
film; now with the 
point of a lead pencil 
puncture the film at 
some point within the 
loop of thread, B, 

The film between 
the wire and the thread 
now teruls to become as small as x>ossihle, as is indicated by 
the fact that the area within the loop tends to become as 
large as possible, i.e. the loop assumes a circular form, as shown 
in Fig. 55. 

127. Such evidence as this proves that if we enlarge a liquid 
surface we shall have to do work upon it just as truly as if we 
stretch a rubber band or inflate a bicycle tire. On the other 
hand, if a film contracts, it exerts a force in so doing, and thus 
does work for us. 

A wire is easily bent into the shape indicated in Fig. 56. 
Dip this wire into a soap solution to cover it with a film. If, 
now, a small straight wire, 
CD, is laid across the frame, 
the film on the B side may 
be broken out with the fin- 
ger. The film on the A side 
will exert a certain definite 
force and draw the bar CD 
quickly to the end of tlie frame. The total force thus exerted 
upon the bar, divided by twice the width of the film, will give 
the force per centimetre which a single film exerts upon the 
cross-bar. This quantity is naturally measured in dynes per 




o 

D 6' 

Fig. 56.— Work done by a contracting film. 
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centimetre, and is called the surface tension of the liquid. 
Surface-tension is denoted by T. 

Suppose the bar CD is displaced a distance x, as indicated in 
the figure. The force which we must use to do this is 2 T • CI) 
dynes. The work which one must perform is (2 T • CD) x ergs. 
The increase in area is 2 a; • CD. For the film has two surfaces. 

Consequently, the amount of energy in unit area is 

2x' T'CD/2x' CD=T. 

Accordingly we may define the surface tension as the amount 
of potential energy in unit area of the film. 



And now we see that, when a drop of mercury gathers 
itself up into a little, round drop, lifting its centre of gravity 
above the plate on which it rests, it does so in order to make 
its surface as small as possible, and thus reduce its potential 
energy to a minimum. So far, therefore, from violating our 
previous experience, this behavior of liquid surfaces is quite in 
accord with it. 

PROBLEMS ON CAPILLARITY 

1. Two mercury globules of radii 2 millimetres and 1 millimetre, 
respectively, are brought into contact. They unite and form one globule. 
Compare the surface of this globule with the sum of the surfaces of the 
two globules before union. Compare the sum of the surface energies 
before union with that after union. 

8. What makes a small jet of water flowing into a wash-basin break 
up into drops ? 

3. How is it that you can. round the end of a glass rod by holding it in 
a Bunsen flame ? 

4. Give a short sketch of the life of the blind physicist Plateau. 

5. Chemists often use a solid glass rod, instead of a funnel, in pouring 
a liquid from one vessel to another. Explain this. 

Properties of Gases 

129. Most of the theorems which we have just been study- 
ing under the subject of Hydrostatics are quite as true for 
fluids in general as for liquids; all of them, in fact, except 
those which refer to the " free surface " of a liquid. For this 
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" free surface " is precisely the thing which we do not find in 
gases. A gas might, indeed, be defined as a body which has 
no free surface. 

A sailing vessel under way, a tree bending to a breeze, a bank 
of sand raised by the wind, are each evidences that this air, 
upon which we are so dependent for life, is something which 
can hand over momentum to other bodies. Any one who has 
ever pedalled a wheel against a head wind knows that air exerts 
pressure when in motion, and that air, therefore, probably has 
inertia. The boy who has blown up a paper bag for the purpose 





Fig. 57.— The "sucker." 



Fig. 58. — Section of sucker shown 
In Fig. 57. 



of bursting it between his hands knows, at least, that the 
enclosed air is a body. 

The lad who has lifted a brick with a piece of wet leather 
and a string (Fig. 57) knows that he must keep the edges of the 
leather down snug on the brick, and that, when he does so, the 
earth's atmosphere, without difficulty, keeps the brick up snug 
against the leather, except in the middle. Here the leather 
has been lifted, and has, in turn, lifted the whole cohimn of 
the earth's atmosphere, leaving, on top of the brick, a space in 
which there is practically no air. 

The ancients were, perhaps, essentially as familiar with 
these facts as we are. At any rate, they were familiar with 
several kinds of pumps dependent upon these principles. But 
of the connection between these various facts they had little or 



SPECIAL PROPERTIES OF MATTER 



115 



no conception. To know a number of different facts is mere 
knowledge; to know these facts and the connection between 
them is scientific knowledge. We proceed to the consideration 
of some of the properties of gases and their connection, one 
with another. 

130. Before the time of Galileo nearly all the phenomena 
of pumps were explained by saying that "nature abhors a 
vacuum." And this horror vacui is a fairly good explanation ; 
it will, in any event, explain a large part of the more familiar 
phenomena, such as those of air pumps and barometers. 

In addition to this " horror of a vacuum," it was proved by 
Galileo that air had weight. This he accomplished by weigh- 
ing a bottle from which a part of the air had been removed, 
then refilling the bottle and weighing again. 

These were two capital discoveries : (1) that nature abhors a 
vacuum, and (2) that the air has weight. 

131. Torricelli (1608-1647) showed, by a justly celebrated 
experiment, the connection between these two facts; viz. nature 
abhors a vacuum because the air has 
weight. Torricelli's experiment was 
as follows : Taking a tube more than 
76 centimetres long and closed at one 
end (Fig. 59) he filled it with mer- 
cury, and placing his finger over 
the open end inverted the tube in 
a dish of mercury. The column of 
mercury fell a shoi-t distance, but 
remained standing in the tube ap- 
proximately at the height of 76 cen- 
timetres above the surface of the 
mercury in the dish. 

Torricelli ascribed the support of 
this column of mercury to the press- 
ure of the atmosphere, and explained the pressure in turn as 
due to the weight of the atmosphere. He showed, indeed, 





Fig. 59. — Torricelli's experiment. 
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that the weight of the earth's atmosphere is very approxi- 
mately that of an ocean of mercury covering the earth to the 
depth of 76 centimetres. 

But if this be the fact of the case, Torricelli saw that the 
weight of mercury in the inverted tube should diminish as one 
ascends in the earth's atmosphere. This test was shortly 
made by Pascal, who carried the inverted tube — such a tube 
and dish is called a mercurial barometer — to the top of a 
mountain in France, and found that the mercury fell some, 
seven or eight centimetres during the ascent. 

The evidence for thinking that we reside at the bottom of 
an ocean of air, exerting its pressure equally in all directions, 
was completed by Otto von Guericke, who devised, in 1650, a 
pump exactly like a modern single-acting air pump, only the 
valves were not automatic. 

Composition of the Earth's Atmosphere 

132. More than a century elapsed between the time of 
Toiricelli and the discovery of the principal elements in the 
air which we breathe. These were first shown by Lavoisier 
(1743-1794), one of the founders of modern chemistry, to be 
nitrogen and oxygen, in the proportion four of nitrogen to 
one of oxygen. In addition to these there is always present a 
variable quantity of water vapor, j^jj per cent of carbonic acid 
gas, together with traces of the recently discovered gas, argon, 
possibly also neon, metargon, and crypton. 

When we remember that this ocean of air in which we live 
is invisible, odorless, tasteless, apparently devoid of weight, 
and almost intangible, it is little wonder that the discovery of 
its properties came rather late in the history of science. What 
men have already learned concerning gases is little short of 
marvellous. And he who thinks that physics is a subject 
which has to deal only with things that can be seen and felt 
and heard needs only to read the story of myon and crypton, 
and the chain of facts from which was drawn the inference that 
these two new elements are present in the earth's atmosphere. 
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Fig. 60. — The barometer con- 
ceived as a U-tube. 



The Barometer 

133. The barometer is simply a U-tube, one end of which 
opens into the earth's atmosphere, and the other into a vacuum. 
Such a vacuum is called a Torricellian vacuum. In case the 
longer arm were long enough to extend up beyond the earth's 
atmosphere (Fig. 60), there would be 
no need of having either end of the 
tube closed. The column of mercury 
would just balance the column of air, 
and, as now, the ratio of the heights 
of the two columns would be in the 
inverse ratio of their average densi- 
ties. The simplest conception of the 
barometer is, then, that of a U-tube, 
one arm containing mercury only, the 
other filled with air extending up to 
the top of the earth's atmosphere. 
The pressure which the atmosphere exerts upon a barometer 
is, then, dependent upon two factors; viz. (1) the height of the 
atmosphere, and (2) the average density of the atmosphere. 
Anything which changes either one of these changes the read- 
ing of the barometer ; i.e. the difference in level between the 
two horizontal surfaces of the mercury in the barometer. 

134. Water vapor when under the same pressure as air has 
a density which is less than that of air. If, then, there be 
much water vapor in any portion of the atmosphere, its density 
will be diminished, consequently its pressure will be dimin- 
ished, and the mercury column which it supports will be 
shorter. The barometer is said to "fall." But the same 
thing happens when the height of the atmosphere is lowered 
or its pressure is changed by a cyclonic motion. The barome- 
ter is, therefore, not an instrument for telling whether or not 
it is about to rain; but for measuring the pressure of the 
earth's atmosphere. Nevertheless, barometric observations 
are of great aid to the Weather Bureau in predicting atmos- 
pheric changes. 
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Application of Preceding Principles to Pumps 
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Fig. 61.— Atypical pump. 



Pumps of all kinds, whether for gas or liquids, whether 
to exhaust a vessel of the fluid it contains, or to force fluid 

into a vessel, are all modifications of the 
typical form shown in Fig. 61. 

aS is a hollow tube dipping into a vessel of 
fluid W. 

P is a piston fitting snugly into the cyl- 
inder C. 

Vi is a valve opening out of C 

V2 is a valve opening into C. 

1. Force pump. The figure as it stands 
represents the ordinary force pump, such 
as that employed in the ordinary fire- 
engine and in pumping water into stand- 
pipes. When the piston P is moved in the 
direction indicated by the arrow, the pressure gj 
in the region between the valves is dimin- 
ished. The effect of this is to open the lower 
valve and close the upper one. 

Not only so, but the pressure of the atmos- 
phere on the free surface of the water in the 
well begins to raise the water in the tube. 
And if the lower valve be not too high above 
the surface of the well, the water will pour 
through the valve F2, and partly fill the 
space between the valves. 

If the motion of the piston be now re- 
versed (Fig. 62), the water enclosed between 
the valves will be forced through the upper 
valve into the hose or vessel in which it is F»g- 62.— The force 
desired. ^"'"^' 

Such a stream, however, would be intermittent; for in 
the region above the upper valve the pressure would cease. 
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on the out stroke of the piston. To avoid this difficulty, 
most force pumps are furnished with an air chamber (B, Fig. 
62). When the pump first begins, this chamber is filled with air. 
When the water is forced through the upper valve, this air is 
compressed ; energy is stored up in it ; and, when the back stroke 
of the piston occurs, this compressed air supplies enough 
energy to drive the water partially out of the bulb, B, and 
thus keep the stream flowing until the piston begins its in- 
ward stroke. This large copper bulb on the fire engine is 
familiar to every one. 




Fig. 63. —The human heart considered as a force pump. 



2. The human heart. The human heart is exactly such a 
force pump as that diagrammed in Fig. 62, only here the space 
between the valves is no longer furnished with a piston, but 
has elastic walls, which, by alternate contraction and expan- 
sion, effect the same result as the piston. When the pressure 
in the right ventricle of the heart ( F,, Fig. 63) is relieved, the 
blood from the veins rushes in by way of the right auricle, Au^ ; 
when the walls of the heart contract, this blood is driven into the 
pulmonary arteries F^ on its way to the lungs. In like man- 
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tier, the left side of the heart acts as a force pump, receiving 

fresh blood from the lungs and driving It to the extremities of 

the body. The elasticity of the arteries and veins takes the 

place of the air chamber in the force 

3. The ordinary lift pump. Here the 
upjjer valve is placed in the piston itself, 
aa indicated in Fig. 64. Since the pump 
has no air chamber, the stream is of course 
intermittent. On the down stroke the 
upper valve opens; on the up stroke it 
closes ; the pressure between the valves is 
diminished ; the lower valve opens and the 
water rushes through. On the nest down 
stroke of the piston it dips into the water, 
which is held up by the lower valve ; and, 
on the succeeding up stroke, lifts its load 
of water to the spout. 

4. The bicycle pump. This is a force 
Fie.64. — Lffipump; on pump, in which air ia the fluid trans- 
ferred. The piston here also contains 

the valve; is the valve, in fact. The down stroke of an 
ordinary foot pump is represented 
in Fig. 65. On the up stroke 
the air rushes into the cylinder 
all around the edge of the pis- 
ton ; while the valve, V,, next the 
tire closes by the back pressure of 
the air in the tube. 

Why is such a pump so hard to 
operate when the tire is fairly well 
inflated ? 

5. The vacuum pump. If we re- 
verse the valves indicated in Fig. 
65, we shall have a piimp which, 
instead of pumping air into a tire, will empty the tire. This 
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is only the general principle of the ordinary air pump, which 
is one of the moat important inatrumenta of the physical labo- 
ratory. During the last half century it has received many 
radical modificationa and improveiiients. Of these perhaps the 
most valuable is the substitution of mercury in glass for the 
solid piston in a brass cylinder. Mercury does not wet or soil 
glass, does not appreciably evaporate at ordinary tt^mperatiires, 
moves through a glass tube easily ; and is, hence, excellently 
adapted to this use. 

The action of the Sprengel air pump will be clear from the 
accompanying figure. The falling drops of mercury from the 
nozzle, N, entangle the air 
iu the chamber, C, and carry 
it down the narrow glass 
tube. The drops of mer- 
cury act as pistons. More 
air rushes in from the bulb, 
B\ and the whole vessel is 
thus gradually exhausted. 

The reservoir, R, is kept 
filled with mercury ; the 
pressure of the atmosphere 
forces this over to the noz- 
zle, N. It is collected again 
in a glass vessel, O, and 
poured back into the res- 
ervoir, R. It can thus be 
used over and over many 

The vertical heights of the 
columns, A and 1), of mer- 
cury must each exceed the 

barometric height. Why? Such pumps are in daily «se in 
the manufacture of incandescent electric lamps and " X-ray " 
bulbs. 
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Boyle's Law 

136. When Torricelli discovered the proper method of 
measuring the pressure of the earth's atmosphere, he furnished 
us also a method by which gaseous pressures, in general, may 
be measured. The method is as follows : 

Connect the vessel containing the gas to one end of a U-tube 
containing mercury. The pressure due to the excess of height, 
// (Fig. 67), of the mercury in the open arm over that in the 

closed arm will be measured 
by Dgh. If to this we add the 
pressure of the atmosphere, B, 
we obtain the pressure, P, in 
the vessel. 

P=B-{-Dgh, Eq, 27 A 
where 

B = barometric pressure ; 

D = density of mercury ; 

g = acceleration of gravity ; 

h = difference of level be- 
tween the two mer- 
cury surfaces. 




' ^-^ -^ 



Fig. 67. 



If the mercury in the open arm of the U-tube stands at a 
lower level than in the closed arm, h becomes negative, and 

^«^*^^ P=B-Dgh. 

Shortly after the time of Torricelli's experiment, Robert 
Boyle, a distinguished English chemist, invented an air pump, 
and became greatly interested in the following question : 

Gases are easily compressed. A bladder filled with air at 
ordinary pressure can be reduced in volume without much 
difficulty, i.e. without greatly increasing the pressure. Boyle 
proposed to himself this query, "Just how does the volume 
of a given body of gas vary when the pressure is varied ? " 

137. To discover how one quantity varies with another, the 
general method is to let one quantity vary, m9a9ure its successive 
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values, and measure the corresponding values of the other quantity. 
This Boyle did. He enclosed a definite mass of air in the 
closed arm of a U-tube, as indicated in Fig. 68. 
He varied the volume, F, of this enclosed gas 
by pouring in more and more mercury; and 
measured the pressures corresponding. 

The method employed for measuring the ^ 
pressure is that which we have just described. 

where H = height of barometer. 

Now Boyle found that so long as the mass 

of air remained constant, and so long as its 1 E: 

temperature remained constant, the product of ^ 

the pressure by the volume of the gas was very 

approximately a constant. This law was pub- Fig. 68.— Boyies 

lished in 1660.* It may be stated algebraically experiment. 

as follows : 

PV= K, a constant. Eq, 28 

Or, since for any given body the volume varies inversely as 
the density, we may write 

P/D = -ff^, a constant. 

For a gas at a constant temperature this equation may be 
translated into words as follows : the density varies directly as 
the pressure. 

138. This summary of fact, known as Boyle's Law, has 
since been found to be very nearly true for all gases, through 
a wide range of pressures. 

139. The limitations of this law are important to note ; viz. 

1. The law is only approximately true for any gas. 

2. The law is true only so long as the temperature of the 
gas remains constant. 



* Per Boyle^s own description of his experiment, see Appendix, p. 339. 
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3. The law as first stated (Eq. 28) is true only for a given 
quantity of gas. If during the experiment any gas is added 
to or taken away from that under consideration, the constancy 
of the product, PV, does not hold. 

140. Boyle's experiments were all performed with pressures 
greater than one atmosphere (76 centimetres of mercury) ; but 
Mariotte (1620-1684), a French physicist, shortly afterward 
showed that Boyle's Law holds when the air in the containing 
vessel is rarefied ; that is, when the pressure is less than one 
atmosphere. This he showed as follows : 

Two pieces of straight glass tubing are connected by a rub- 
ber tube, as indicated in Fig. 69. A portion of air is sealed 

off by mercury in the closed arm 
B, On lowering the arm A, the 
mercury in A falls below the level 
of that in B. Let this depression 
be indicated by A, then 

P=Dg^(H-h), 

where, as before. His the height of 
the barometer and D the density 
of mercury. The tube, B, is gradu- 
ated, so that the volume of the 
gas, V, can be read off directly. 
In this case also the product 
PFwas found to be invariable. Quantities such as PV are 
known as invariants. The factors which enter the product 
are each variable, but the product itself is a constant. 

141. The usefulness of this law of Boyle^s can scarcely be 
overestimated. For, if we know the pressure corresponding to 
any one known volume, we know at once the value of the con- 
stant, K, and can hence compute the pressure corresponding to 
any other volume; or, if it be desired, one can compute the 
volume corresponding to any other pressure. 




Fig. 69. — Mariottc's experiment. 
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142. The deviations from Boyle's Law, the extensions of 
Boyle's Law to solutions, and the evidence which Boyle's Law, 
together with other properties of gases, offer for thinking that 
gases are composed of a very large number of exceedingly 
minute particles, called molecules, form three of the most in- 
teresting chapters in the whole of physical science. But they 
must be postponed for the advanced student. 

PROBLEMS 
1. A solid cube 12 centimetres on each edge is made of a material 
whose density is 13.5. What is its weight in a vacuum ? Find its apparent 
weight in water. Density of water = 1. 

Ans. 23328 grammes. 21600 grammes. 
8. A body whose volume is 100 cubic centimetres has a density of 1.4. 
Find its apparent weight in alcohol, whose density is 0.8. 

Ans. 60 grammes. 

8. A piece of wood whose density is 0.6 floats on water. The volume 

of the wood is 40 cubic centimetres. What is the volume of the water 

displaced ? Ans. 24 cc. 

4. What is the height of a water barometer when the mercurial 
barometer reads 760 millimetres ? Density of mercury = 13.6. 

Ans, 10.336 metres. 

5. An atmospheric pressure of 16 pounds to the square inch is equiva- 
lent to a pressure of how many kilogrammes to the square centimetre ? 

Ans. 1.056. 

6. Twenty-four cubic centimetres of gas at a pressure of 71 centi- 
metres of mercury would have what volume under a pressure of 76 
centimetres? Ans. 22.4. 

7. A cylinder 16 inches long is closed at one end by a piston. If the 
cylinder is filled with air at atmospheric pressure (76 centimetres), and 
the piston is thrust down within 1 inch of the other end, what will be 
the pressure of the enclosed air ? (It is here assumed that the tempera^ 
ture is the same in each case.) Ans. 1216 cm. of mercury. 

8. Two hollow spheres of radii 8 and 10 contain equal masses 
of hydrogen. Compare the pressures. Ans. 1000: 512. 

9. Find the lifting power of a balloon filled with coal gas from the fol- 
lowing data : volume of balloQn = 1000 cubic metres ; weight of balloon and 
car=60 kilogrammes. A litre of coal gas weighs 1.193 gramme ; a litre of 
air weighs 1.293 gramme. — Jonks, Examples in Physics, Ans. 40 kg. 

10. If 1000 cubic centimetres of hydrogen under a pressure of 20 centi- 
metres of mercury is subjected to a pressure of 84 centimetres of mercury, 
what will be the resulting volume ? Ans, 243.9 cc. 



CHAPTER V 



143. The word at the head of this chapter will recall to 
most minds one or more of the following phenomena: the sur- 
face of a lake swept by a wind, the constantly enlarging rings 
produced by a stone falling into quiet water, the " swell " that 
follows a storm at sea, the waves which always accompany a 
moving boat. Most people have seen waves run along a clothes- 
line, or spme stretched rope, when struck by a walking-stick. 
Experience shows us that these and all similar cases have two 
features in common. First, there is a disturbance at some point in 
a certain medium. Second, this disturbance is propagated to other 
points of the medium. 

At a given instant the stone is dropped into quiet water ; at 
a later instant the disturbance may have reached points several 
metres away. 

At a given instant the stretched clothesline is at rest in its 
position of equilibrium. When one end is suddenly depressed, 
this depression runs along the line at a definite rate. If the 
disturbance be an elevation, it is an elevation that runs along 
the line. 

144. But what is meant by ^' a disturbance '' ? Simply 
this, a body is said to be disturbed when it is thrown out of 
equilibrium. 

But when is a body or system of bodies in equilibrium ? 
Not necessarily when it is at rest, but when its potential 
energy is a minimum. A pendulum is at rest at the end of its 

swing, but is by no means in equilibrium. A pendulum moves 
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most rapidly at the lowest point in its path ; but there is the 
one point where it is in equilibrium. 

A disturbance, then, implies the addition of energy to a 
system. And as this disturbance is propagated through the 
medium, some energy is, in general, distributed through the 
medium. 

Definition of Wave Motion 

145. We may, therefore, define a wave motion as a state of 
disturbance propagated from one part of a medium to another. 

Note that in this definition nothing is said about any up-and- 
down motion, such as is seen in the disturbed clothesline. One 
has only to replace the clothesline by a stretched spiral spring 
to see that waves may travel without any such up-and-down 
motion. Such a spring (Fig. 70) should be from two to three 
metres long, made of brass wire. No. 18 or 20, wound in a 
spiral of approximately eight millimetres' diameter. Fix the 
ends of the spring to two rigid points, A and B, so that the 
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Figr. 70. 



spring will be stretched to nearly twice its unstretched length. 
If this spring be grasped at any point, C, moved in the direc- 
tion of the arrow, then quickly and gently released, the dis- 
turbance thus introduced will run to and fro along the line ; 
but there will be no appreciable up-and-down motion. This 
very important experiment should be carefully observed. 

Note further that, in the definition of wave motion, nothing 
is said about any transfer of matter. It is not the medium 
that is transferred. What is it that is propagated from one 
point to another ? 
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SOMB SPECIAL KINDS OF WAVES 

I. Water Waves 

146. Of these there are several kinds, and most of them are 
studied to best advantage in the laboratory. 

The source of these waves is anything which elevates or 
depresses the water at any point. Imagine OX to represent the 
level surface of the undisturbed water. If by any means the 
surface of the water be given the form indicated in Fig. 71, 
the operation will be equivalent to taking the water from the 
<^ trough " of the wave BC, and lifting it up into the " crest " 
of the wave AB. Let m be the mass of water which will just 
fill the trough BC ; the amount of water in the crest will then 
also be m. Let h denote the difference in height between the 




Fig. 71. 

centre of mass of the trough and the centre of mass of the 
crest. The operation of producing a single wave in water 
previously quiet will require that one lift a mass m through a 
height h against gravity. The potential energy stored in the 
wave will, therefore, be vngh. This potential energy tends to 
a minimum, i.e. in this case the centre of mass tends to fall, 
and, since water has inertia, the crest in falling goes on beyond 
its position of equilibrium, and thus we have a continual oscil- 
lation due to gravitation. 

In addition to this potential energy, it must not be forgotten 
that waves have considerable kinetic energy.* For, in general, 
all the water near the surface is in motion. 

147. The disturbance at any point in the water over which 
a wave is passing is, then, very similar to that in one arm 

* A beautiful theorem (but one which cannot here be demonstrated) 
is that in wave motion in general exactly one-half the energy is kinetic 
and one-half potential. 
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of a U-tube partially filled with mercury and the mercury in 
oscillation. 

Take a U-tube of a diameter not less than one centimetre. 
Pour it half full of clean mercury — water will answer nearly 
as well. Incline it and close 
one end with the thumb, as in- 
dicated in Fig. 72. Bring the 
tube into a vertical position and 
suddenly raise the thumb. A 
dozen or more oscillations follow. 
They are such as would occur at 
any point in an ocean of mer- 
cury, or of water, traversed by 
waves. 

Why do these oscillations so 
quickly stop ? Would this same cause be at work in a large 
lake or at sea to stop the waves ? 

Waves or oscillations which are made to diminish gradually 
in amplitude are said to be damped. 




Fig. 72. 



Definition of Wave Length 

148. A series of waves such as one can start in water by 
rocking a boat, or by raising and lowering a floating block, is 
called a train of waves. In any train of water waves the dis- 
tance between two successive crests is called a wave length. 
The distance between two successive troughs is also a wave 
length. But the general definition of a wave length is the 
shortest distance between any two particles whose motion is in 
the same phase. 

What would correspond to "two successive crests" in the 
waves produced by compression in the spiral spring ? 



Speed of Water Waves 

149. A train of waves is travelling over a point ; how far 
does this train travel during the period of one oscillation of 
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the water at this point ? Evidently one wave length. Let us 
call this wave length X,* and the period of one oscillation T. 

If, by any means, direct observation or computation, we can 
obtain X and T, we have at once the speed of the wave ; for, 
denoting speed by V, we have 

V= \/T. Eq. 29 

This may be called the fundamental equation of wave 
motion ; for, since it depends simply upon the defining equation 
for speed, it is necessarily true of all wave motions. 

150. It may be proved in the laboratory that the speed of 
waves in shallow water depends only upon the depth of the 
water. By use of a wave trough, it is easily shown that waves 
travel faster in deeper water. 



How shall we employ this phenomenon to explain the 
fact that whenever waves on a pond, or lake, or at the sea- 




Fig. 73. — Refraction of water waves. 

coast approach the shore, the crest of the wave is always more 
or less parallel to the shore line ? In Fig. 73 let the heavy 
line represent the shore near the entrance to a small bay. A 
train of waves. A, B, (7, D, etc., approaches the shore. When 

* The Greek letter lambda, universally employed to denote wave 
length. 
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the waves leave the deep water, the crests have the ditectiou 
indicated by Q6'. The nearer they approach the shore, the 
more they are turned about Such a process is called refraction. 
The end A has travelled faster than the end A'. The dotted 
lines are called contonr lines, and indicate the depth of the 
water. Every point on the coutoEr line marked "10" has a 
depth of 10 centimetres ; every point on the line marked " 20 " 
has a depth of 20 centimetres, etc. 

Explain why the crests of the waves are related as they 
approach the shore. Since they start in parallel to each other, 
why do they not remain so ? 

Befieaion of Water Waves 

1S2. If a breakwater or solid pier (Fig. 74) is built out into 
a body of water, one has there an opportunity to see what 
happens when water waves strike a rigid body. 



In Biich circumstances it is not difficult to see that the direc- 
tion of the reflected waves is very difEerent from that of the 
incident waves. 

From our experience in the laboratory, we know that when 
a train of waves is started at one end of a wave trough, they 
no sooner reach the other end than they are reflected back. 
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These two trains of waves, the incident and reflected, may 
combine with each other to produce a series of waves which 
appear to have no motion of translation, the so-called stationary 
waves. The only condition necessary that these two trains of 
waves should produce stationary waves is that all the waves 
should be of one length. A moment's practice with a wooden 
paddle in a trough of water enables one to produce such waves. 

153. Summary concerning Water Waves 

1. Medium of propagation — bounding surface between air 
and water. 

2. Motion of particles — small, in paths, nearly circular : 
through a part of the path the motion of the particle is in 
the same direction as the motion of the wave ; in part of the 
path it is at right angles to the motion of the wave. 

3. Speed — depends upon length of wave, in deep water ; and 
upon the depth, in shallow water. For any single type of wave, 
V=\/T. 

4. Water waves are reflected, and thus produce stationary 
waves. 

II. Ripples 

154. In our study of liquids we found that work was 
required to enlarge the surface of any given body of liquid. 
We found that equilibrium was reached only when the liquid 
surface became as small as possible. 

Consider any quiet body of liquid, such as a cup of tea. Its 
surface is in equilibrium when level, because then it has a 
minimum of potential energy. Any disturbance of this sur- 
face, such as is produced by drawing a spoon through it, will 
increase the area, and will, therefore, impart to the surface 
some energy. 

Suppose a surface disturbed as shown in Fig. 75, and then 
left to itself. Not only will gravity tend to lower the liquid 
crests and fill the troughs, but the surface tension of the liquid 
will do exactly the same thing. Surface tension is, therefore, 
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competent to produce waves in a liquid, just as gravity is. And 
when the lengths of the waves become very small, the surface 




Fig. 75.— Showing that a surface disturbed by ripples is larger than a level surface. 

tension is even more effective than gravity. So that in the 
case of very small waves, we may consider them as propagated 
by surface tension alone. 
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These ripples are known to every one who has watched 
the bow of a rowboat as it moves through quiet water. They 
are beautifully seen in the case of a duck 
swimming on a smooth pond. And what 
is a very curious thing, these ripples al- 
ways manage to keep just a trifle ahead 
of the duck, however fast or slowly he 
swims. 

We may see the same phenomenon 
in the laboratory. When a piece of wire 
is drawn through a dish of water (Fig. 
76), at a moderate rate, the ripples which 
precede it have a certain length ; but when 
the wire is drawn more rapidly through the 
water the ripples become finer, i.e. ripples 
of a shorter wave length are produced. 
But in each case the ripples precede the 
moving body. It follows, therefore, that 
ripples of short wave length travel faster 
than those of long wave length. This is Fig. 76.-showing that short 
just the reverse of what happens in ordi- ''pp'«^ ^''^^^^ f"*" *^^" 

« , , , *ong ones. 

nary water waves; tor there the longer 
the waves the faster they travel. It follows, therefore, that 
the slowest waves are not the very short ones, nor the very 
long ones. The slowest of all water waves have been found 
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to have a length of about 16 millimetres. Waves longer than 
this are spoken of as water waves, while waves shorter than 
this are called ripples. 



I. Are ripples reflected as water waves are? Try this, 
for yourself, in a shallow white dish. Start the ripples ; with- 
draw the wire and let the ripples proceed until they strike the 
edge of the dish. 

157. Summary conce'niing Ripples 

1. Medium of propagation — free surface of liquid. 

2. Speed — increases as the wave length diminishes. 

3. Reflected — in same manner as water waves. 

4. Motion of particles — same as that of water waves. 

III. Tidal Waves 

158. To one who goes to the seashore for the first time, few 
things are more striking than the two great changes in the 
height of the water which occur every twenty-four hours. The 
water recedes until at a certain hour it reaches what is called 
low tide ; not many minutes are required to see that the water 
is again rising. The tide is coming in ; at the end of six hours 
after low tide, the maximum height, called high tide, is reached; 
the tide immediately begins to recede; and so on in endless 
procession. So gigantic is this phenomenon that one would 
never suspect its being a wave motion until he has formed a 
mental picture of the whole disturbance as reported by observ- 
ers from all parts of the world. 

Explanation of Tides 

159. Those who have rightly understood Newton's capital 
discovery of universal gravitation, know that the moon attracts 
every part of the earth with a force which is greater as the 
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distance between that part of the earth and the moon is less. 
The larger part of the earth's surface is covered by its oceans. 
Imagine the whole of it to be under water. In Fig. 77, con- 
sider three particles, A, By and (7, lying on a diameter of the 
earth, drawn in the direction 
of the straight line joining the 
moon and the earth. A is on (^ 
the side of the earth next the 
moon; B at the centre of the ^*^^^ '7 ^""tV!^""' !^"-°^ .^"^^f ^^ 

' direction of tidal wave m passing about 

earth; C on the side of the the earth. 
earth away from the moon. A 

will be attracted more than JB, that is, it will be attracted away 
from B, While By in turn, will be more strongly attracted than 
C, that is, B will be attracted away from C. The result of 
this is that the water at A, attempting to get as near the moon 
as possible, is heaped up, is drawn away from the solid body 
of the earth. 

To draw B away from C is equivalent to repelling C from B. 
So that at the points A and B we have high tides. At points 
90° away from these we shall have low tides. 

160. But, in the meantime, the solid nucleus B is rotating 
on its axis, carrying the towns and cities of the earth with it. 
The result is, evidently, that every twenty-four hours each 
seacoast town must pass through two high tides and two low 
tides. 

This great heap of water, which is dragged over the earth's 
surface every day, consists, at any one point on the earth^s sw- 
facey of a rise and fall, like waves. It is periodic as waves 
are ; that is, the tides recur at equal intervals, — the disturb- 
ance is propagated from one part to another of the medium 
(the oceans) ; and these features show that what we have here 
to deal with is a wave, on a magnificent scale, travelling at a 
stupendous speed. 

The sun also produces tides just like those due to the moon, 
only much smaller. 
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Forced and Free Vibrations 

16L Since this tidal wave is compelled by the moon to 
travel about the earth at the same rate as the moon itself, 
the disturbance is called a forced yibration. The water waves, 
which have been considered in previous pages, are called free 
Tibrations. 

In general, a free yibration it one in which the period is deter- 
mined hy the properties of the yihrating body itself ; while a forced 
vibration is one whose period is determined by some outside body 
acting upon it. 

162. Summary concerning Tides 

1. They satisfy the conditions of wave motion. 

2. They are forced vibrations. 

3. Their speed is such that they make one trip around the 
earth every twenty-four hours. 

IV. Waves in Strixgs 

163. An easy way to roughly study these is to fasten to- 
gether two lengths of ordinary rubber tubing, and thus make 
one piece about 20 feet long. By the aid of a heavy mass, 
or of some more convenient means, clamp one end of the tube 




Fig. 78. — A simple method of studying waves in strings. 

to the edge of a table, or even to the floor, as shown at B in 
Fig. 78. Taking the free end, A, in the hand, one can produce 
in the tul)e any tension he desires, and can send trains of 
waves down the tube in the direction ^ven by the arrow. 

Transverne and Ijfnujitndindl Waves 

164. Consider the motion of any one point in the rubber 
tube. As a train of waves passes through this point, it oscil- 
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lates, to and fro, in a direction perpendicular to that of the 
arrow. The motion of the particles in the medium is then 
across the direction in which the waves travel. Such waves 
are said to be transyerse waves. 

In the case of the spiral spring, alternately compressed and 
elongated (Fig. 79) any one small part of the spring is dis- 
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Fig. 79. — Longitudinal waves in a spiral spring. 

placed in the same direction as that in which the wave is trav- 
elling. The displacement of the particles is lengthwise. Such 
waves are accordingly called longitudinal waves. 

In the short time at our disposal we can consider only trans- 
verse waves. 

165. Returning now to the rubber tube, stretched upon the 
floor, observe the following : 

1. That you can vary the length of the waves you send along 
the string by varying the rapidity with which you move your 
hand to and fro. Let us denote by T the time occupied by 
your hand in one complete vibration. During this interval 
the disturbance travels just one wave length, X, along the tube. 

If we had any means of measuring T and X, we could deter- 
mine the speed of the waves, F; for (Eq. 29, p. 130) 

F= X/T. 

2. Notice also that by stretching the tube more, but mov- 
ing your hand to and fro at the same rate, the waves become 
longer; the wave length increases with the stretching force. 
How, then, is the speed of the wave affected by this increase 
of tension? 

3. Notice that a single disturbance sent down the tube does 
not in general cease when the wave strikes the fixed end {B, 
Fig. 78). If it does, the wave has been damped out by friction 
on the floor ; stretch the tube a little more, holding it up so as 
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just to clear the floor. The reflected wave can now be easily 
seen running back in a direction just opposite that of the inci- 
dent wave. 

4. With a moment's practice one can obtain a reflected train 
of waves which interfere with the incident train in such a way 
as to produce stationary waves, exactly similar to the station- 
ary water waves obtained in the water trough. 

Nodes and Loops 

166. When a single train of waves is passing down a string, 
every point on the string is set in motion ; but when we have 
two trains (an incident and a reflected) travelling in opposite 
directions, we see that they may combine their displacements 




Fig. 80. — Production of nodes in a string. 

in such a way that there are certain points on the string, such 
as Ay B, C, etc., in Fig. 80, that are not displaced at all from 
their position of equilibrium. Such points are called nodes. 
What is the propriety and etymology of this name ? 

It is important to observe that a single depression sent down 
the tube is always reflected from the fixed point as an elevation ; 
in like manner, a single elevation sent down the tube comes 
back as a depression. 

With a little practice one can make the rubber tube vibrate 
in such a way as to show either one, two, or three, perhaps 
more, of these nodes. The fixed point, E, is of course always 
a node. Any portion of the vibrating string which lies between 
two consecutive nodes is called a loop or ventral segment. The 
middle point of a loop is called an antinode. 

When the hand, by a to-and-fro motion, produces stationary 
waves in the rubber tube, is the hand at a node or an anti- 
node ? Try the experiment again before attempting to answer 
this question. 
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One who has observed a vibrating clothesline or a guitar 
string knows that ordinarily there is no appearknce of a wave 
moving along the string; the vibrations are merely to and fro, 
that is, stationary. The posts, in the case of a clothesline, are 
each nodes, places of no motion. The fret and bridge, in the 
case of the guitar, are nodes for the same reason. The bow of 
the violin simply starts two trains of waves, which, by their 
interference, produce the familiar vibrations of the instrument. 
It is likewise true of the piano, guitar, and all the stringed 
instruments of the orchestra, that their vibrations are produced 
by two trains of waves running in opposite directions, meeting 
and interfering.* 

Speed of Waves in Strings 

167. When the large rubber tube is put in vibration, it is 
very easily seen that two adjacent loops (Fig. 81) are always 

A A 




.N 

A 
Fig. 81. — Showing a wave length as twice the distance between two consecutive nodes. 

displaced in opposite directions. Hence it follows that the 
length of the wave passing is just twice the distance between two 
successive nodes. These nodes are usually well marked; and 
hence the wave length is an easily measured quantity. 

If we could also measure the period of vibration, T (or its 
reciprocal, which is called the frequency, and is denoted by 7i), 
the speed would be easily computed from Eq. 29. 

V=X/T=7iX, 

If, instead of using our hand, we employ a stiff spring, to 
set the string in vibration, and if we know the period of the 
spring, we can at once obtain the speed of the waves. For 

* The student is here warned not to think this discussion of stationary 
waves at all complete. The subject is elegantly presented by Professor 
Tait in a short, readable article under the head of ** Waves" in the 
Fncyclopcedia Britannica. 
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under these circumstances the frequency of the string is 
" forced " to be exactly that of the spring. 

So that V=2nL, Eq. 29 A 

where n = frequency of the spring, and L = mean distance be- 
tween two successive nodes. 

168. A very convenient spring of this kind is one such as 
is found in the large electric bells.* 

Remove the gong of the bell and also the hammer ; attach a 
light string to the armature. Carry the other end of the 
string over a pulley clamped as indicated in Fig. 82 ; and at- 
tach to it a pan for weights as shown. 




Fig. 82. — Meide's experiment. Variation of speed with stretching weight. 

So long as the spring vibrates at a fairly uniform rate, this 
apparatus is excellently adapted to answer two questions ; viz. 
(1) How does the speed of a wave change when the stretching 
force of the string is altered? (2) How does the speed of a 
wave change when a heavy string is substituted for a light 
one, all other circumstances being the same ? These questions 
should be taken up in the laboratory, where it can easily be 
shown that the speed of the wave depends upon two quanti- 
ties only; viz. the stretching force and the linear density of 
the vibrating cord. 

Interference of Waves 

169. When two trains of waves pass through any point on 
a string at the same time, they are said to interfere. These in- 

* An electrically driven tuning-fork, although considerably more ex- 
pensive, is in other respects much better adapted to this experiment than 
the electric bell ; for it maintains a more constant frequency. 
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terference phenomena are so important in many departments 
of physics as to demand especial consideration. 

If any point in a stretched cord be slightly pulled aside, it 
will be found that the force required is proportional to the dis- 
placement. From this it follows (p. 41) that each point on a 
vibrating string moves to and fro with a simple harmonic motion. 

The student will find it wise at this point to review the 
chapter on Simple Harmonic Motion. 

When a wave passes any point on a string, the phase of 
the vibrating point is the phase of the wave at this point. If 
two waves in exactly the same phase pass any point in the 
string at the same instant, they will each displace the particle in 
the same direction ; if they are in exactly opposite phases, they 
tend to displace the particle in opposite directions. The actual 
motion of the particle will be resultant of these two motions. 

170. It is very easy to produce two trains of waves in a 
string such that they will be in exactly opposite phases ; i.e. 
their phases will differ by 180°. 

To one of the prongs of a tuning-fork attach a light string — 
silk floss is excellent — and make the other end fast to some 
rigid object, as shown in Fig. 83. When the fork starts to 

B 




Fig. 83. — Wylle's experiment. 
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vibrate, a train of waves will run down the whole length of 
the string from (7 to -B; and if the tension of the string is 
properly adjusted, stationary waves will be produced through- 
out the entire length of the string. 

At some point, A (Fig. 84), now tie a second string of length 
equal to CA ; attach the other end to prong D and make the 
tension the same in each string. Each prong of the fork will 
now send a wave down the cord. But the prongs of the fork, 
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at any instant, are moving in exactly opposite directions ; hence 
at A the trains of waves in DA and CA are in exactly opposite 
phases. And since they each tend to displace the point A by 
equal amounts in opposite directions, the result is that the 



I 

C 




Fig. 84. — Showing two trains of waves interfering at A. 
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point A is not displaced at all. The waves DA and CA are 
said to interfere at A, No disturbance, therefore, can now 
enter that portion of the string lying between A and B. 

171. In the case of stationary waves, there are only certain 
points where the two trains are in opposite phases — these are 
the nodes. There are other certain points where the two trains 
have the same phases — these are the antinodes. 

When the solar and lunar tides reach any point on the 
earth's surface in the same phase, they interfere and thus pro- 
duce the spring tides. When, however, they reach any point 
in opposite phases, they interfere and thus produce the neap 
tides. 

Interference is, therefore, employed in physics to denote the 
combination of waves in any difference of phase whatever. It 
has been suggested that the so-called tidal waves which occa- 
sionally sweep the decks of the Atlantic liners are due to 
the interference of two trains of running waves. 

172. Summary concerning Waves in Strings 

1. Medium is linear. 

2. Motion of particles at right angles to direction in which 
wave travels. 

3. Speed of propagation independent of the length of the 
string, the material of the string, and the shape of the wave. 

Speed depends only on (1) stretching force, F, and (2) the 
mass of unit length of the string, w, V=^/F/w, 

4. Waves are reflected as are water waves. 
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5. The ordinary vibrations of stretched strings are stationary 
waves, produced by interference of incident and reflected trains 
of waves. 

Mesonance 

173. When one attempts to ring a large church bell, he soon 
learns that he must pull the rope at certain definite intervals 
if he wishes to ring the bell with ease. 

Any heavy object, such as a stone suspended from a crane, 
can be set swinging if one's pushes are properly timed. A 
heavy rowboat, or small sailboat, moored in quiet water can, 
without difficulty, be set rocking if one throws his weight first 
on one side, then on the other, at correct intervals. The order, 
" rout step," given soldiers about to cross a bridge is to prevent 
dangerous vibrations in the bridge. 

What is more, every one knows how to discover the correct 
interval in each of these cases. By watching the amplitude 
of vibration, he at once times his efforts so that this ampli- 
tude will increase. These are all instances of what is known 
in physics as resonance. 

174. The following experiment should be carefully studied : 
Mount two heavy pendulums of any kind upon one common 

wall bracket or frame, as shown in 
Fig. 85. Heavy lead disks on \" iron 
rod, suspended by knife-edges at the 
top, do very well. The upper end of 
the rod should be furnished with an 
eye through which a piece of a three- 
cornered file may be thrust for a knife- 
edge. 

The lower end of the rod should be 
threaded for three inches, so that the 
bob of the pendulum may be held 

up by a nut, and so that the period Fig. 85. -illustrating transfer of 
r . , , T , , T 1 . 1 kinetic energy by resonance. 

of either pendulum may be slightly 

varied at will. Paint one pendulum red; the other blue. 
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1. Adjust the pendulums so that they have very nearly the 
same period. Set the blue one in vibration, leaving the red 
one at rest. In less than one minute, the red one will pick up 
sufficient kinetic energy to set itself in vibration with an 
amplitude not greatly inferior to that of the blue one. 

Where did this energy come from ? How did it get from 
the blue pendulum into the red pendulum ? 

2. Now reverse the order. Set the red pendulum in motion, 
allowing the blue one to be initially at rest. 

3. Take a wooden mallet and tap one of these heavy pendu- 
lums in a most irregular way. The result of a dozen such 
blows is to disturb the pendulum very little. 

Now give the same pendulum one-half dozen gentle taps, 
delivering each tap just as the pendulum jesses its position of 
equilibrium, going away from you. How do you explain the 
large amplitude which these six taps produce in the pen- 
dulum ? 

4. Adjust the pendulums so that one is from 8 to 10 per 
cent longer than the other. Set the blue one in vibration. 
What is the history of the red one for the next five minutes ? 
How do you explain the small amplitude and the complete 
stoppages of the red one ? 

On the Transfer of Mechanical Energy. Waves and 

Currents 

175. The effects of waves on the seacoast are so well kno^vn 
as to need no description. The energy of waves is here exhib- 
ited on a gigantic scale ; in some places undermining cliffs ; in 
others, transporting large quantities of sand. Wave motion is, 
indeed, one of nature's general methods for transferring energy. 

Every child who has played with a garden hose knows that 
the jet of water can be used to dig a considerable hole in the 
ground. In California these jets are employed on a large scale 
for mining. The process is known as hydraulic mining. Cur- 
rents of air are employed for running windmills, thus trans- 
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ferring the energy of the wind to the water, which is pumped 
into a tank, in the attic of a house. One may' transfer energy 
to a body by throwing a stone at it, or by firing a shot at it. 
All of these are simply special kinds of currents. 

Currents of matter may be called the second general method 
which nature employs for transferring energy. The moving 
matter, in these currents, may be air, water, stones, shot, etc. 

176. Our study of the subjects which follow, Sound, Heat, 
Electricity, Light, we shall find to be largely a study of the 
transfer of energy by one or the other of the two general 
methods. Currents and Waves. 



CHAPTER VI 

SOUND 

177. We have not been in this world very long before we 
learn to attract the attention of our friends by the use of our 
voice. At a very little later period we have learned to dis- 
tinguish between the voices of friends. There is no longer 
any doubt as to whether it is mother or father that is speak- 
ing, though neither be in sight. We can soon produce sounds 
which are more or less loud according to our wish. The 
ability to " carry a tune " marks a period when we are able not 
only to distinguish one note from another as having a different 
pitch, but also to produce notes of different pitch. Not many 
years later, and we have learned to distinguish the flute from 
the piano, the piano from the guitar, the guitar from the 
human voice, and so on. In childhood we discover the echo ; 
first perhaps of a footfall approaching a good-sized building at 
night. In early youth we observe that a distant locomotive 
sends up a column of white steam some little while before the 
sound of the whistle reaches our ears; and we infer that it 
takes time for sound to travel the intervening distance. There 
is no longer any difficulty in distinguishing between a noise 
and a musical sound; and when several notes are sounded 
together, we decide, at once, which combination is harmonious 
and which is unpleasant to the ear. 

178. Something like the foregoing is a part, at least, of our 
common "stock in trade" of information on the subject of ♦ 
sound ; but the arrangement of these facts in our minds is per- 
haps quite as chaotic as the above presentation of them. The 

object of the present chapter is to aid the student in rearrang- 

146 



SOUND 147 

ing this large, but disordered, heap of valuable information 
into a well-ordered whole. This will involve the discovery of 
many new relations among many familiar facts. 

Analysis 
179. The subject will be considered in the following order: 

1. Evidence for thinking sound a wave motion of the air. 

2. Character of air waves. 

3. Graphical representation of air waves. 

4. Mechanical difference between a noise and a musical note. 

Pitch. 
Loudness. 
Quality. 

6. Relation of musical tones to each other — the musical 

1. Wind instruments. 



5. The three distinguishing fea- 
tures of a musical note. 



7. Application of preceding prin- 
ciples to musical instruments. 



2. Stringed instruments. 

3. Vibrating membranes. 



180. It is a little difficult for the student who has only just 
covered the ground of General Dynamics to realize that he has, 
in a certain very true sense, been over the whole ground of 
Physics. 

The subject of Acoustics is, from the student's point of view, 
a very valuable one, forming as it does a kind of connecting 
link between those visible motions which we have just been 
studying, and those invisible motions which we are shortly to 
consider under the heads of Light, Heat, and Electricity. 

Most of the motions involved in sound can be made evident 
to the eye by proper experimental devices ; so that one realizes 
here perhaps more easily than elsewhere that Physics is Applied 
Dynamics. 

L Production of Sound. Definition of Sound 

181. Of the multitudinous sounds which reach our ears 
during any single day, there are very few which we are not 
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able to " locate " at once. And when we find the source of any 
sound, we find ourselves in the presence of some vibrating body. 

When one string of a guitar is emitting a note, there is no 
difficulty in telling which one; we have only to look at the 
strings. A piece of thin steel — say, part of the blade of a 
hack saw — clamped in a vise gives a note only when set in 
vibration. Does the sound disappear as the vibrations "die 
down " ? The edges of a tuning-fork become hazy in appear- 
ance as it begins to emit a note. Why ? 

Even when the sounds are not so distinct and definite as 
those mentioned, we have no difficulty in finding the vibrating 
body. A carriage rolling over a stony street emits many 
sounds ; but a carriage maker will quickly detect the vibrating 
parts, and remove them or tighten them up, or interpose i-ubber 
in such a way that these vibrating parts no longer receive 
blows. The carriage then runs much more quietly. 

182. In addition to the vibrating body, there is one other 
e^ential feature in the production of every sound; viz. an 
elastic medium — practically always air — between the vibrat- 
ing body and the hearer. 

The sound of a watch, a bell, or a clock, placed under the 
receiver of an air pump, is much diminished when the air is 
even partially removed. It is very difficult to make the sound- 
ing body quite inaudible in a vacuum, for the reason that the 
body must rest on some kind of support; and this support, 
being necessarily somewhat elastic, will transmit some vibra- 
tion to the receiver, and hence to the outside air. But we are 
perfectly justified in inferring that, if no elastic medium what- 
ever lay between the source of vibration and the listening ear, 
no sound would be heard. 

For the hearing of a sound, then, two things are always 
required : 

1. A vibrating body, rapidly disturbing its surrounding 
medium. 

2. An elastic medium connecting the vibrating body and 
the listening ear. 



SOUND 



149 



II. Character of Waves in Air 

183. One of the shortest cuts to a clear and accurate con- 
ception of sound wavea is through the following series of 
experiments. Indeed, the whole philosophy of air waves and 
the propagation of sound is wrapped up in them. 

Disturbance in the Vibrating Body 

184. A round brass rod, AB, from 8 to 10 millimetres in 
diameter and from 80 to 100 centimetres in length, is clamped 
to a table in an ordinary vise or by means of an iron clamp, 
as shown in the figure. A small ivory ball or glass marble or 
hollow glass sphere is suspended by two strings, as indicated, 
so as just to touch the end 
of the rod B. When rubbed 
with a dry cloth, upon which 
a little powdered rosin has 
been sprinkled, the rod will 
emit a very high musical 
note. It is not the easiest 
matter in the world to get 
this note at first, but every 
one succeeds after a few 
trials; a fairly firm grasp 
and a good steady pull will 
generally accomplish the 
end. 

When this note sounds, 
it is observed that the ivory 

ball rebounds, often several inches, shoioing that it has received 
a blow from the direction AB. 

The rosin on the cloth has evidently taken hold of the rod 
and elongated it, then let it go, taken hold of it again, suddenly 
let it go again, and so on. The vibrating body here is evi- 
dently the brass rod. The motion of the particles in the rod is 
evidently in the direction AB. Tliis is shown by the fact that 
they are originally displaced in that direction by the rosin and 




Fig. 86. — Showing longitudinal vibrations of 
brass rod. 
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by the fact that the momentum which they comaauuicate to 
the ball is in the direetiou AB. Such vibrations we have 
(p. 137) called loDgitudinal. 

When the brass rod is elongated by a pull and suddenly let 
go, would you expect, from analogy with other bodies, that 
it would go back to Its position of etiuilibrium and stop there, 
or would you expect its inertia to carry it beyond ? Would 
you consider it necessary, for the production of free vibrations, 
that the vibrating body have inertia as well as elaslicit>/ f 
When the length of a rod is altered, as in this case, by stretch- 
ing, what four factors determine the force which restores it to 
its original length ? The present is an excellent occasion for 
reviewing the whole subject of elasticity. 

Are the ends of the vibrating rod nodes or antlnodes ? The 
middle point must be a node because it is held fast by the 
iron clamp. 

Character of Disturbance in Air 

185. Let us now suppose that the na- 
ture of the vibrations in the rod is cleai'ly 
understood. What sort of disturbance 
does the rod produce in the air ? The 
displacement of the particles in the rod 
was so small and rapid as to be invisible ; 
we were obliged to get our evidence 
by means of the ivory ball. In air, not 
only is the distiu'bance small and rapid, 
but the whole vibrating mass is invisible ; 
presatonaind rsrefictiona SO that, even if the disturbances were 
which iocompiny a rifle large and slow, wc could iiot sec them.* 
" ' ^ ■ Accordingly we employ tlie following 

method, which was devised by Professor Kuniltf in 186f5, 

• It ia not to be forgotten that there is a certain senae in which tlie 
schiierea Methodt of Tfipler allows one to " nee " sound waves. In this 
method the eye sees the effect of the compressions and rarefactions, such 
as are recorded on Uie photograpliic plate reproduced in Fig. 87, 

t Laie Professor of Physics in the Univeraity of Berlin. Died in 1893. 
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To one end of the brass rod described in § 184 attach a disk 
of cork, J5, which fits loosely into a glass tube about 30 milli- 
metres in diameter and a metre in length. 

A B D 
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Fig. 88. — Kundt's device for studying waves in air. 

By the aid of a cork and a file, you can, in a moment, make 
enough cork dust * to lightly cover the bottom of the tube. 

At the end, D, of the glass tube, fit another easily moving 
piston ; so that the distance between the two pistons, D and B, 
can be varied. 

Such an arrangement is called a Kundt's tube. 

Set the brass rod into longitudinal vibration as. before. If 
the cork piston at B is free and does not rub on the walls 
of the glass tube, the elastic air will be disturbed very much 
as the ivory ball was. 

As the rod elongates the air between the two pistons must 
be suddenly compressed, for it has not time to escape — the 
compression is too quick for that ; when the rod contracts, the 
enclosed air is suddenly rare- B D 

fied. The rod thus starts *^^^ 



a train of waves down the • • 



J i_ 
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tube exactly analogous to ng. 89. -Showing action of piston in Kundt's 

those which we produced *"^«- 

in the long spiral spring (pp. 127, 137). When this train of 
waves strikes the fixed piston, D (Fig. 89), we have all the con- 
ditions necessary for reflection. And, if reflection occurs, we 
shall have a train of waves starting back in the direction from 
D to B, We should then expect this train of reflected waves 
to interfere with the incident train and produce stationary 
waves with their characteristic nodes and loops. 

* Avoid the lycopodiuin powder, which is sometimes recommended for 
this purpose. The slightest bit of breath or moist aix introduced into the 
tube will make the dust adhere firmly to the walls of the tube. 
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UBS. Is there any evidence in the tube that the phenomena 
which we have just predicted are the phenomena which actually 
occur ? Consider the following : 

1. Air is a fluid. It has, therefore, no elasticity of shape. 
It cannot, therefore, transmit transverse vibrations. 

2. There are certain equidistant points in the tube where 
the cork dust is not at all disturbed. (If these are not sharply 
marked on first rubbing the brass rod, the cork at D should be 
shifted a little.) These correspond to the nodes predicted. 

3. Between these points of rest there are certain regions of 
very great disturbance. These correspond to the predicted 
loops. 

4. By slightly adjusting the fixed piston, the nodes and 
antinodes become much more sharply marked. And this is 
exactly what one might expect if the air waves had a definite 
wave length determined by the vibrating rod and not by the 
glass tube. 

5. By methods which are too advanced for introduction 
here, Newton and Laplace showed that the speed with which 
a compression or rarefaction travels through the air is given 
by the following equation : 

V=VE/D, 

where V= speed of the disturbance ; 

E = voluminal elasticity — the bulk modulus — of the air; 
D = density of the air. 

All the inferences from this equation have been verified by 
Kundt's tube. 

This evidence,* then, leads us to think that sound consists of 
a wave motion in the air, and that the motion of the particles of 
air is to and fro in the same direction as that in which the sound 
is travelling, that this longitudinal wave motion can be reflected, 
and that two trains of sound waves may interfere to produce 
stationary sound waves. 

* To this evidence for thinking sound waves longitudinal must be added 
that furnished by the manometric flame, which is considered later (p. 160). 



187. What really travels through the air, then, is a series of 
compressions, alternating with a series of rarefactioas. Thia 
is fairly represented in Fig. 90. 



Mi 



Fig. 90. — Showing the compressions and rarelaclions In Kundt's tube. 

Juat how far apart these successive rarefactions and com- 
pressions are, depends entirely upon how fast the piston works. 
Every time the piston moves forward, a compression occurs ; 
this compression starts out on its journey ti-avelling at a definite 
rate. ^Vhen the piston goes back, a rarefaction starts out. 
These disturbances travel in the same direction and with the 
same speed. The distance through which a compression (or a 
rarefaction) travels while the piston makes one complete oscil- 
lation to and fro is called a wave length. And this corresponds 
exactly with the definition of wave leagtli given above (p. 129) ; 
viz. the distance between any particle and its nearest neighbor 
that moves in the same phase. 

Sound Waves in Tkree-dimensiottai Space 

188l Hitherto we have been considering waves in air as 

they travel through tubes, say through a speaking-tube ; but' 



in ordinary conversation we stand in an open space, surrounded 
by air on all sides j our voice is heard by those at our back ; 
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also by those in front, and by those at our side. The waves 
produced by our voice evidently travel away from us in all 
directions. As the pebble dropped into smooth water sends 
out rings of disturbance, our voice sends out spheres of dis- 
turbance. These expanding spheres are propagated in the 
same manner as waves in tubes ; they travel at the same rate ; 
the displacement of the air particles is longitudinal. These 
spherical waves are, therefore, fairly represented in Fig. 91. 

189. As an illustration of a wave motion propagated through 
a volume (i.e. a three-dimensional wave) we may mention the 
remarkable explosion which occurred at Krakatoa on the 26th 
and 27th of August, 1883. 

In this volcanic eruption a great column of gas was shot 
up to a height of perhaps 20,000 feet. When this great 
mountain of air and other gases settled down, it sent out an 
air wave through the rest of the earth's atmosphere. This air 
wave expanded in circles. It girdled the whole earth, con- 
verging at the antipodes of Krakatoa. Passing over any point 
on the earth's surface it compressed the underlying air; the 
height of the barometer was accordingly increased ; the wave 
of depression following had just the opposite effect. In this 
way all the recording barometers on the earth were affected. 
And by such means this great disturbance was followed through 
three trips from Krakatoa, near the island of Sumatra, to the 
antipodes. The entire circuit of the globe was performed in 
the almost incredible interval of 36 hours. 

Compute the speed of this wave and compare it with the 
speed of sound as given in the immediately following pages. 

The Human Ear 

190. For a complete description of the ear, the student is 
referred to Helmholtz's Sensations of Tone, pp. 129-143, or to 
Huxley's Elementary Lessons in. Physiology. 

In a paragraph we can say only that the human ear is sepa- 
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rated into three portions: the internal, middle, and external 
ear. The middle ear is called the drum. It is separated from 
the external ear by a drum skin called the "tympanic mem- 
brane." Two other membranes separate the middle from the 
internal ear. As waves of compression and rarefaction alter- 
nately impinge upon this drum, they are communicated, by 
the membranes covering the drum, to the inner ear ; here, in 
some way, the nerves are excited, and we have the sensation 
of sound. The manner in which these nerves enable the ob- 
server to distinguish between the many thousands of different 
sounds which strike the ear every day must ever remain a 
marvel. But this part of the question belongs to physiology 
and psychology. 

What evidence other than that already offered can you 
adduce for thinking that sound is not conveyed by currents, 
but by waves, in air ? 

Speed of Sound Waves 

191. At Trinity College in Cambridge, England, is shown 
a long corridor, paved with stone, in which it is said that 
Sir Isaac Newton determined the speed of sound as follows : 



0A REFLECTED WAVE 

» INCIDENT WAVE B 

o o o o o o o 






Fig. 92. — Newton's determination of speed of sound by echo. 

Standing at one end, A^ of the corridor (Fig. 92), he disturbed 
the air by stamping his foot ; the disturbance was reflected at 
the other end, J5, of the corridor. The interval between the 
stamping of the foot and the hearing of the echo measures the 
time necessary for a sound wave to make a round trip from A 
to B, This method is direct and convenient ; but the accuracy 
would be very much increased by taking a longer distance, thus 
obtaining a larger interval of time to measure. 
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192. Many more ax^curate measures have been made since 
the time of Newton ; among the best of these are the following: 



Observer 


Distance 

Employed 

(Metres) 


Speed of Soand 

in Metres per sec. 

Temp. 0° C. 

Barometer = 760 mm. 


Method 


Moll and Van Beek 

Regnault 

Szathinari 


17669.00 

2445.00 

99.25 


332.77 
330.71 
331.57 


Eye and Ear 

Mechanical 

Unison 



Suppose each of these three observers to use the same dis- 
tance, viz. one mile ; and suppose that no error is made in the 
measurement of this distance. How large an error in the time 
would explain the discrepancies between their results ? 

A fair average value for the speed of sound may be taken to 
be 332 metres per second at 0° C. 

What is the speed of sound in feet per second ? Compute 
this quantity and enter it on the margin of this page. 



Speed of Sound in Solids 

193. When the speed of sound in air is known, Kundt's 
tube offers us a beautiful method of finding the speed in the 
rubbed brass rod. When the brass rod is set into longitudinal 
vibrations we know that, whatever the length of the wave 
which travels through the brass rod, the two ends of the rod 
are antinodes; for they are free, and when compared with 
other parts of the rod they are places of great motion. The 
middle point likewise must be a node, because it is clamped, 
and is hence a place of no motion. Not only so, but it is the 
only node in the rod. The ends of the rod are then successive 
antinodes ; accordingly the distance between them is one-half 
the wave length of the disturbance in the brass. 

Let us denote by N the frequency of the brass rod, and by L 

its length ; then, employing the fundamental equation of wave 

motion, p. 140, 

speed in brass = 2 N^ 
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Whatever the frequency of the vibrations in the column of 
air, we know it is the same as the frequency of the brass rod. 
Let us call the distance between successive dust heaps I j then 

speed in air = 2 NL 

Hence speed in brass __ 2NL __ L 

speed in air 2NI l' 

.'. speed in brass = (L/l) 332 metres per second. 

Accordingly, we have to measure only the distance between 
the dust heaps and the distance between the ends of the brass 
rod. 

How would you proceed to get the speed in glass and in 
wood? 

Speed of Sound in Gases 

194. Most useful of all is Kundt's tube in determining the 
speed of waves in various gases. For this purpose a glass rod 
(G, Fig. 93), held rigidly at its middle point by being corked 
and waxed into the outer tube, is better than the brass rod. 

4QA8 

ik 



G "m 



M 




Fig. 93. —A form of Kundt's tube for use with various gases. 

The movable piston rod at the other end must be reasonably 
gas tight. Into each end is sealed a tube through which 
various gases can be introduced and removed. Measure the 
distance between the dust heaps when the tube is filled with 
air. Denote this distance by L Now fill the tube with ordi- 
nary coal gas. The dust heaps are much farther apart than 
before. Call that distance L. Let N be the frequency of the 
glass rod. Then, since the fundamental equation of wave 
motion always holds, we have 

speed in coal gas = 2 NL, 
speed in air = 2 Nl, 
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and hence, eliminating N, the numerical value of which we 

do not know, 

speed in coal gas __ L 

speed in air I 

where both quantities in the right-hand member are easily 
measurable. 

III. Graphical Representation of Sound Waves 

To the Student. — A fair and easy comprehension of all that follows con- 
cerning the subject of sound hinges on a thorough mastery of this section. 

195. As to the proper mode of representing water waves, 
there can be no question. We have only to draw a vertical 
section through the body of water at right angles to the crest 




Fig. 71. 

of the wave. Such a section is shown in Fig. 71. The dis- 
tance of any particle above or below the level surface OX 
measures the displacement of the particle. 

Nor can there be any hesitation as to the proper way of 
representing waves in strings. Imagine the vibrating string 
at any instant to lose its flexibility: let it instantaneously 
become a rigid body, and we have at once a picture of the 
wave. Such a diagram is shown in Fig. 78. 

The vertical distance of any particle from the position of 
equilibrium, OX, in Fig. 71, gives the displacement of that 
particle. This is the distance which we have (p. 4) called the 
ordinate of the curve. From such a curve we can instantly 
point out those particles which are in the same phase, or in 
opposite phase. Be able to go to the blackboard and point 
out on such a curve a series of points which differ in phase 
by 180° ; and another series which differ in phase by 90°. 
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But suppose that we are dealing with a compression running 
along a spiral spring. Here the displacements of the particl^ 
all lie in the direction of the stretched spring, i.e. along the 
line OX, which represents the position of equilibrium. How, 
then, shall we draw these displacements? And the same 
question arises when we attempt to picture a sound wave. 

The whole question is this: How shall we represent the 
state of disturbance at any, and every, point in the air when a 
train of waves is passing through it ? 

The method is as follows : We agree to represent all waves 
in one way, viz. after the manner of the transverse wave in 
Figs. 78 or 80. To every particle of air in the line along which 
the wave travels corresponds a point on the curve. But 
when the wave is longitudinal, the vertical distance of any 

• •••••••••••••••••••••• UHDI8TURBED AJR. 

• tTT'Tt. •ftTlTlT* GRAPHICAL REPRESENTATION OF 

. , T T I I I 1 T T , ^ ^ ■ ■ ■ ^ ^ ^ f T T I I I I T t ^ LONGITUDINAL WAVE. 



ACTUAL DISPLACEMENTS 
MMC • • • ■••■••• PRODUCED BY LONGITUDINAL 

WAVE. 

Fig. 94. 



point on the curve from the line OX (Fig. 94) represents the 
displacement of the corresponding particle along the line OX, 
Displacements, then, are represented by lines drawn at right angles 
to the actual displacement. That is the whole story. 

Longitudinal waves are the only ones that offer any difficulty 
in representation. Hereafter we shall draw all waves as trans- 
verse ; and it will be understood from the context or the title 
of the figure whether the wave is transverse or longitudinal. 

J7ie Manometric Flame 

196. So far as concerns a picture of the disturbances which 
sound waves produce in the air, nothing can surpass, in beauty 
and simplicity the "manometric flame," which was invented 
and perfected by Rudolph Konig, of Paris. The construction 
of the instrument will be clear on consideration of Fig. 95, 
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Two blocks of wood, E and S, are bored out. Between them 
is clamped a diaphragm of very thin goldbeater's skin. This 
diaphragm divides the whole apparatus into two parts. On 
the left-hand side of the diaphragm illuminating gas is 
admitted, as indicated by the arrows, and so long as the dia- 
phragm is undisturbed, the flame is apparently undisturbed. 




OOMPRESaiON 



RAREFACTION 



OAS 



Fig. 95. — Kdnig's device to show variation of pressure produced by sound waves. 

But if the disturbances of the flame were very rapid, as is 
the case with acoustical disturbances generally, we might not 
be able to detect by the eye any changes in the flame. Accord- 
ingly, a rotating mirror is placed near the flame. A crank 
enables the observer to g^ve this mirror a moderate angular 
speed, say two or three turns a second. For every new position 
which the mirror assumes the image of the flame takes a new 
position. The effect of rotation on the mirror, then, is to sepa- 
rate the images of the flame at successive instants. 

The space on the right of the diaphragm, M, is one end of a 
speaking-tube, a sort of cul de sac, into which all kinds of 
sound waves can be sent for examination and study. 

The effect of a sound wave (if our previously formed concep- 
tion of sound waves be correct) upon the diaphragm will be to 
drive it alternately forward and backward. When a com- 
pression arrives at the diaphragm, the membrane will be thrust 
slightly to the left. The gas space, Gy will suddenly be made 
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smaller in volume ; the pressure of the gas will as suddenly 
rise; the flame will immediately become higher — just as if 
more pressure had been put on at the gas works. 

But this compression in the speaking-tube will be followed 
by a rarefaction. What is the effect of this rarefaction on the 
membrane ? The pressure on the right diminishes, the mem- 
brane moves to the right, the pressure in the gas chamber, G^ 
suddenly diminishes; the flame as suddenly diminishes in 
height. 

The essential features of the instrument* are, then : 




CORK 




MICA 



* This manometric capsule is at once so essential and so simple that 

every student should make one and own one. All that is required for 

this purpose is an hour's time and a few 

cents* worth of material. 

An ordinary cork about two inches in di- 
ameter should be cut in two along the line 

AB, as indicated in Fig. 96. One half the 

cork should have two holes bored to receive 

the glass tubes as shown in the figure ; the 

other half of the cork will need one hole 

through which the sound may enter. Now 

gouge out the two spaces G and S. Between 

the two halves of the cork place a very thin 

sheet of mica, and 
wax the two halves 
together. When the 
tubes are inserted a 
little wax will prob- 
ably be needed to 
make them fit gas- 
tight. The lower 
glass tube serves as 

a convenient handle. The instrument works 
nicely without any mouthpiece. A perfect sub- 
stitute for the rotating mirror is a piece of heavy 
mirror, about 6" x 8", which is held upright in 
the hand and given a gentle oscillatory motion, 

about an axis more or less vertical. The manometric flame then has the 

appearance of a ring or crown, as shown in Fig. 97. 



t 



Fig. 96. 



Fig. 97. — Manometric 
flame as seen in 
hand mirror. 
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1. A membrane which responds at once to any displacement 
of tlie air particles adjoining it, i.e. to any wave of compres- 
sion or rarefaction. 

2. A gas flame so arranged as to respond to every motion of 
the membrane. 

3. A mirror that can be rotated so as to separate the succes- 
sive images of the flame; and thus allow us to detect the 
variations of pressure at the membrane due to any disturbance 
of the air. 

Since, now, the height of the flame measures, in a general 
way, the displacement of the particles adjoining the mem- 




A VIOUN STRING STRONGLY BOWED 



B 




A VIOUN STRING GENTLY BOWED , 



A TUNING PORK YIELDING THE SAME NOTE 
Fig. 98. 



brane, we need only draw an outline of the image of the flame 
in the rotating mirror, and we have at once a graphical repre- 
sentation of a sound wave. Such are the following diagrams. 
(See Fig. 98.) They merely record the variations of pressure 
produced by three different trains of waves at the membrane 
of the manometric flame. What is the etymology and pro- 
priety of the name *' manometric " ? Such a flame is simply 
a quick-acting barometer, responding to changes of pressure 
which occur at rates even as high as several hundred per 
second. 
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IV. Mechanical Differences between a Noise and a 

Musical Sound 

197. Having mastered a method for clearly representing 
sound waves, we are, for the first time, in a position to dis- 
tinguish between noises and musical tones. The difference, in 
setiscUioHy between these two is something with which we are 
very early familiar. 

A wagon rumbling over cobblestones, the splash of water, 
footsteps on the pavement, the slam of a door, are all instances 
of those irregular, fitful sounds which we call noises. The 
note yielded by a single wire of a piano is a musical tone. 
The same is true of a guitar string, a flute, an organ pipe. 



GRAPHICAL REPRESENTATION OF A NOISE. 



B 

QRAPMICAL REPRESENTATION OF A MUSICAL NOTE. 
Fig. 99. 

The sensation produced by a musical tone is uniform so long 
as the note continues. 

Corresponding to these two different sensations, the mano- 
metric flame shows two different kinds of disturbances in the 
air. These are exhibited fairly well in Fig. 99. The noise is 
made up of many small parts of trains of waves, all jumbled 
together. But the flame shows that a musical note is pro- 
duced by owe train of uniform waves. 

It shows also that vowels, as employed by singers, are musi- 
cal tones ; while consonants are essentially brief noises. 

''The sensation of a musical tone is due to a rapid periodic 
motion of a sonorous body ; the sensation of a noise to non-peri- 
odic motion,** — Helmholtz, Sensations of Tone, p. 8. 



B 
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V. Three Features by which Musical Tones are 
Distinguished from Each Other 

A. Loudness 

196. When the key of a piano is struck gently, and again 
with a hard blow, we recognize that the two notes thus pro- 
duced are alike except that the second is louder than the first. 
The vibrations of a guitar string when first struck are suffi- 
ciently large for us to see them ; but as the vibrations diminish 

in amplitude, we observe 
that the note diminishes 
in loudness. 

When a note is sung 
into the tube of a mano- 
metric flame, it is at once 
evident that the indenta- 

Fig. 100.->l and f arc two "Otcs alike in all ^-^^^ ^^ ^^^ ^^^^^ ^f f^^^ 
respects except that A is louder than B. 

are deeper in proportion as 
the note is louder. (See Fig. 100.) That is, the louder the 
sound, the greater the displacement of the air particles against 
the membrane. 

From these, and similar experiments, it is concluded, there- 
fore, that the loudness, or intensity, of a sound increases or 
diminishes as the amplitude of the vibrating air particles at the 
ear increases or diminishes. 



B. Pitch 

199. On clamping a piece of steel or brass spring, say a 
piece of clock spring, in a vise, one observes not only that the 
spring vibrates more rapidly as it is made shorter, but also that 
it emits a higher note. (See Fig. 101.) 

In the case of a rubber band stretched over the thumb and 
forefinger, there is no doubt but that it vibrates more rapidly 
the more it is stretched ; we observe also that the note it emits 
is higher and higher the more it is stretched. 
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Fig. 101.— Illus- 
trating the fact 
that pitch va- 
■ ries with fre- 
quency. 



From such experience we might suspect the pitch of a note 
to depend upon the frequency (p. 139) of the vibrating body. 
But we need more direct and conclusive evi- 
dence to thoroughly establish such a conclusion. 
A card held against a rotating toothed wheel 
will furnish us just such evidence. Here we 
compel the card to make one vibration every 
time it passes a tooth. The frequency of the 
vibrating card is the number of teeth passed 
per second. When the wheel slows up, the 
pitch of the note produced by the card falls; 
when the wheel increases in speed, the pitch of 
the note rises. 

If still further evidence be desired, try the 
following experiment : 

Into the speaking-tube of a manometric flame sound two 
notes of different pitch in rapid succession. Or, what is better 
still, use two manometric flames placed near each other and 
viewed in the same rotating mirror. It is then easily seen 
that when the flames are excited by notes of the same pitch, 
the notches in the image of each flame are at the same dis- 
tance apart. 

But if either flame be excited by a note of higher pitch, the 
notches on this flame are closer together. And if "one note 

be an octave above another, 

^''^^^^'^^(/^^'''^(/^(/^\/\/^ we see that the notches are 
^ exactly twice as close to- 
gether in the high note 
as in the low. (See Fig. 
102.) 

Such evidence leads us 

to think that the pitch 

of a note depends simply 

upon the frequency of the vibrating body which produces it; or, 

what is the same thing, upon the period of the vibrating 

body. 



B 
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Fig. 102. — i4 and B are two notes alike in all re- 
spects except pitch. 
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For, if we denote the frequency by n and the period by T, 

The numerical value of any pitch is the frequency n. 
A tuning-fork which makes 300 vibrations per second is 
said to have " a pitch of 300." 

C Quality 

200. But two notes may have the same pitch, and may have 
the same loudness, and yet be quite different. Two tenor 
voices singing the same note with equal loudness may be 
easily distinguished; for, as we are accustomed to say, they 
have different qualities. Strike the same note upon a piano 
and upon an organ — let them be equally loud; no one finds 
any difficulty in distinguishing the piano from the organ. 
Two of our friends may converse in the same key and with 
equally loud voices, but we have not the slightest hesitation 
in telling their voices apart, even though they stand at our 
back or perhaps in the dark. Their voices have a different 
quality. Differences of quality are most strikingly illustrated 
in the various instruments of the orchestra, where we recog- 
nize with great ease just which instruments are being used. 
A guitar string when plucked at its middle emits a note of 
different character from that of the same string when plucked 
near one end. 

How shall we explain these differences which are so familiar 
to every one ? Difference of amplitude produces difference of 
loudness. Difference of frequency produces difference of pitch. 
But what produces difference of quality ? 

The most direct answer to this question is obtained by means 
of the manometric flame. Into the speaking-tube of such a 
flame pronounce as nearly as possible, with the same pitch and 
loudness, each of the vowels of the alphabet. It is observed at 
once that the ribbon of flame seen in the mirror is different in 
each case: to each particular vowel corresponds a wave of 
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difiFerent shape. The notches in the ribbon are not the same 
for any two vowels. It is, then, the form of the wave which deter- 
mines the quality of any note.'*'' 

In Fig. 103 is shown the appearance of two flames each 
excited by a note of the same frequency and same loudness, 
but of different quality. In 

this ca^e we see not only fUW^flffftfM 

that the form of the wave ^ 

in A is different from that 
in J5, but we see just how it 
differs. 

In B there is present a 

,, - . , . .1 Fig. 103. —Two notes of the same pitch and 

small wave having twice the loudness, but of different quality. 

frequency of that of A, So 

that A represents the fundamental while B represents a note 

in which both the fundamental and the octave are present. 

201. In the case of the vowels which we have just examined, 
this difference of wave form is brought about by changes in the 
cavity of the mouth. Pronounce the vowels a and o in succes- 
sion, and observe the manner in which you change the air 
space enclosed within your mouth during the interval between 
the pronunciation of the two vowels. 

VI. Eelation of Tones to Each Other. The Musical 

Scale 

202. Up to the present moment we have been studying the 
nature of a single train of waves in the air, the propagation of 
a single musical tone. We now proceed to consider some of 
the relations of musical tones to each other. Here we find 
ourselves already in the domain of Music. 

♦It is important to remember that, while to every different quality 
there corresponds a different form of wave, Helmholtz has proved that the 
converse of this is not true. Quality depends simply on what components 
combine to produce the wave, not at all upon the phases in which they 
combine. 
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But there are a few experimental facts which must be viewed 
as a sort of connecting link between Music and Physics, These 
constitute the 

Scientific Basis of Music 

203. There are very few ears which have the ability to 
determine, on hearing a single musical tone, just what the 
pitch of the note is. Frequency is a difficult thing for the 
human ear to determine. But there are very many observers 
who, on hearing two notes, can tell what the ratio of their 
frequency is. If two keys on a piano are struck, there is no 
difficulty in saying whether their pitches are related as 3 : 2 
or 1 : 2, or in some other ratio ; but not more than one person 
in a hundred can make an intelligent guess as to the frequency 
(absolute pitch) of either note. 

Definition of Musical Interval 

204. The interval between two notes is defined as the ratio 
of their frequencies. Two notes having the same pitch, what- 
ever their quality or intensity, are said to be in unison. The 
interval in this case is not zero, but unity. If this ratio be 
2 : 1, the interval is said to be an 

Octave 

A note whose pitch (frequency) is 400 is, then, an octave 
above a note whose pitch is 200. A note whose pitch is 100 is 
an octave below one whose pitch is 200. The impressions pro- 
duced upon the human ear by a note and its octave are strik- 
ingly similar. So alike, indeed, are the two sensations that 
many fairly well trained musicians sometimes mistake the 
one for the other. So far as the author is aware, this similar- 
ity has never been satisfactorily explained. 

Hie Major Chord 

205. Still more remarkable is the following fact concerning 
the human ear — a fact which has been well known for more 
than two thousand years, a fact which is fundamental in all 
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music, but which, up to the present century, had baffled all 
attempts at explanation. 

The fact is that any three tones whose frequencies are as 
4:5:6 always make a pleasing impression upon the ear. This 
combination of notes is known as the major triad; or, taken 
together with the octave of the fundamental, is called the 
major chord. The universal judgment is that three such notes, 
whatever their frequencies, produce harmony when sounded 
together. 

206. The explanation of this we owe to Helmholtz. But 
his discussion cannot be described until we have enlarged our 
experience to some extent and have increased our vocabulary 
by at least two new terms, viz. beats and overtones. 



Digression on Beats and Overtones 

Beats 

207. When two notes are slightly out of unison, they have 
slightly different wave lengths in air. The consequence is that 
they reach our ears with a difference 
of phase which is constantly changing. 
At one instant, they interfere in such 
a way as almost to produce silence ; at 
the next instant, they combine in such 
a way as to produce a sound louder 
than that of either alone. 

Most people are familiar with the 
peculiar rise and fall that attends the 
sound of a large bell after the clapper 
has struck it for the last time. This 
is due to the interference of two differ- 
ent segments of the bell, such as A and 
B in Fig. 104. The same phenomenon 
is easily shown with a glass bell jar or 
an iron ring. 

Two tones which interfere in this way to produce this alter- 




Fig. 1 04. — A vibrating bell Jar : 
really equivalent to four dif- 
ferent vibrating bodies. 
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nate rise and fall of intensity are said to beat. These alterna- 
tions of loudness are called beats. 

This phenomenon is most readily shown by means of two 
tuning-forks, which are in unison. If the forks are in exact 
unison to begin with, a little wax placed on the prong of 
either one will slow it up ; for the wax adds to the inertia of 
the fork, and does not add to its elastic force. Consequently, 
whatever difference of phase may exist at any instant between 
the two forks, this difference will continuously change, and, 
hence, will follow a series of beats. The more wax placed on 
the prong, the more rapid the beats. How do you explain this ? 
Two guitar strings are easily adjusted to unison. Tighten 
either one ever so little and they beat. 

208. It is easily seen from the theory of waves in general 
that the number of beats per second is numerically equal to 
the difference in frequency between the notes beating. For 
the interval between two successive beats is simply the time 
taken for one train of waves at any point, say, at the listening 
ear, to gain 360° (2 ir radians) in phase over the other train. 
Each train of waves travels at the same speed ; but as these 
trains pass any one point their difference of phase is contin- 
ually changing. If one note makes 500 vibrations per second 
and another 502 per second, it is evident that at any point the 
latter will gain in phase, over the first, 4 rr radians each second. 
These two notes will be in the same phase twice each second, 
and in opposite phases twice each second. They will therefore 
beat twice each second. In general, if the frequency of one note 
is n and of another n\ the number of beats per second will ben— n'. 

Fundamental and Overtones 

209. It is customary to speak of a stretched string or a 
sounding body as emitting one particular note ; but it is not 
difficult to show that most sounding bodies emit, at the same 
time, many others. The lowest note which the body can give out 
is called its fundamental. The other notes which accompany 
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the fundamental are, by definition, always of higher pitch, and 
are called overtones. 

The existence of these overtones may easily be shown in 
any stretched string. Damp the string at the middle point. 
If now it be bowed at a point 



II^^ 



A. FUNDAMENTAL 1:1 




B. RRST OVERTONE 2;1 



one-quarter of the length of •<aiIIIII[II]I[J I 
the string from either end, the 
string will vibrate as shown in 
Fig. 105, B. Evidently, there- 
fore, the first overtone in a 
stretched string is the octave of 
the fundamental. For (Eq. 29 A, 
p. 140), V=2nL=2njLi where 
n is the frequency of the funda- 
mental and 7ii is the frequency 
of the first overtone ; and since ^^ = 2, it follows that — = 2. 

It may be shown in like manner that the pitch of the next 
overtone is to that of the fundamental as 3 : 1. The third 
overtone is two octaves above the fundamental, and so on. 

A better method still of showing these overtones is by aid 
of two open organ pipes (Fig. 106), one of which is an octave 



C. SECOND OVERTONE 8J1 
Fig. 105. 
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Fig. 106. — Showing wave length of overtone in one pipe equal to wave length of 

fundamental in other. 



above the other. On sounding both at the same time, the first 
overtone of the lower pipe can readily be made to beat with 
the fundamental of the higher pipe. 

210. Helmholtz likened the effect of beats on the human 
ear to that of a flickering light upon the eye. The sensation 
is very unpleasant. When, however, the beats become vei^ 
rapid, they cease to be disagreeable, — just as an electric light 
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alternating in intensity ceases to be painful when the alter- 
nations are very rapid. Helmholtz showed that beats are 
most disagreeable when they occur at the rate of 30 per 
second ; but they can be detected even when they run as high 
as 132 per second. 

21L Returning now from our digression on Beats and Over- 
tones, Helmholtz has shown that the reason notes whose fre- 
quencies bear the simple ratios 4:5:6 are always pleasant is 
that neither between the fundamentals, nor between the fun- 
damentals and the overtones, nor between the overtones, are 
there any disagreeable beats. 

TJie Major Scale 

212. Musicians divide the interval between any note and its 
octave into a series of seven smaller intervals called tones and 
semitones. The notes which make up the octave are denoted 
by the letters of the alphabet, and are built up out of three 
major triads, as follows : 

C:E: = 4:1 5:6, 

1^:^:2 0=4:5:6. 

G:B:2D = 4::5:6, 

Let us call the lowest note of the octave (7, and denote its 
frequency by " m " ; these proportions then amount to a series 
of equations which we may solve to find the frequency of any 
other note in the octave. Thus, 

(7: ^ = 4:5. ,\ E = ^m. 

O: 6? = 4:6. .-. G = fm. 

F:2C=4:6. .*. F = lm. 

In like manner, we compute the frequencies and the inter- 
vals for the entire octave. 

9tl^ The following table indicates also the ordinary musical 
notation, a very beautiful form of shorthand. The character 
employed tells the reader the time for which any note is to be 
sounded, while the vertical position of the note among the 
lines and spaces gives its pitch. 
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It can here be added only that the C represented by the first 
line above the bass is identical with the C on the first line below 
the treble. This note is called Middle C on the piano. Ordi- 
narily its frequency is about 264. 

Table of Musical Nomenclatures 
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VII. Application of Preceding Principles to Various 

Instruments 

Wind Instruments 

214. Of these the organ pipe is perhaps the simplest and 
most typical. There are two kinds, open and closed. In each 
of them two trains of waves interfere to produce stationary 
waves. By an open pipe is meant one which is not closed at 
either end. By a closed pipe is meant one which is closed at 
one end only. These two types are shown in Fig. 107. 

One train of waves is produced by blowing against the lip, 2, of 
the pipe ; another train is produced by reflection from the upper 
end of the pipe. 
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In the case of the open pipe, reflection occurs when the 
incident train strikes the quiet air at the end of the pipe ; in 

the case of the closed pipe, reflection 
occurs when the wave strikes against 
the wooden end of the pipe. In either 
case, the whole behavior of the air in 
the organ pipe is exactly that of a small 
portion of the air in a Kundt's tube 
(p. 151). 

In the case of the open organ pipe, 
it is evident that each end is an anti- 
node ; Le. a place where no compression 
occurs, but where great motion is always 
possible. Consequently, an open organ 
pipe is simply that portion of a Kundt's 
tube which lies between two consecutive 
antinodes, as shown in Fig. 108, where 
N denotes a node and A an antinode. It is evident, there- 
fore, that the total length of an open pipe is one-half the wave 
length of its fundamental. 



/—-I 



¥ 



I-—-, 



¥ 



Fig. 107. — Sections of open 
and closed organ pipes. 
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Fig. 108. — Correspondence between the open organ pipe and Kundt's tube. 



In the case of the closed pipe, no longitudinal motion of the 
air is possible at the stopped end ; consequently, this end must 
be a node, while the lower (i.e. the open) end is an antinode. 
The correspondence is indicated by Fig. 109. 



r 



Fig. 109. — Correspondence between closed organ pipe and Kundt's tube. 

It is at once evident that the length of a closed pipe is one- 
quarter of a wave length of its fundamental. 
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To this class of instruments belong also the flute, the clario- 
net, the cornet, and the trombone. In the first three of these 
instruments the vibrating column of air is made to break up, 
by means of stops, so as to yield either the fundamental or 
overtones at the will of the player. The opening of a stop at 
any point on the tube insures an antinode at that point. While 
in the trombone the player controls the pitch by varying the 
length of the air column. 

Stringed Instruments 

215. Of these perhaps the simplest and most typical is the 
guitar. This instrument has six strings, three of silk covered 
with silver wire, and three of catgut. The range of the in- 
strument is about three octaves. The lowest string yields the 
note E, the highest open string 4 E^ or when held at the middle 
8 E. Three methods of varying the pitch are illustrated in the 
guitar : 

1. To vary the pitch, n, of any one string a screw is em- 
ployed to change the tension F. As the tension increases, the 
force restoring the string to its position of equilibrium becomes 
greater. The frequency therefore increases. 

2. To pass from one note to another on the same string, 
" frets " are employed. The finger holds the string down over 
the fret and thus changes the length of the string. 

V=nk = 2nl = a. constant. .*. n oc-- 

3. In passing from one string to another, the pitch of the 
lower strings is diminished by increasing their density. This 
is accomplished by wrapping them with silver wire. The 
strings would be too clumsy and too rigid if the same mass 
were given to the string by use of catgut. 

The wrapping of silver wire adds nothing to the restoring 
force, but does increase the mass to be moved, and hence 
diminishes the frequency. 
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In the violin the length of the string is no longer determined 
by the position of the fret, but is under the entire control of 
the player. The violin is, therefore, much more responsive to 
the will and to the skill of the player than is the guitar. 

The piano is an instrument of between 80 and 90 strings, 
or sets of strings, each of which is employed to produce one 
note only. The tension and strength of each string is intended 
to remain constant. Anything which changes the tension is 
said to put the piano out, of tune. 

The harp is essentially a piano in which the strings are 
plucked by the finger, instead of being struck by hammers. 

Vibrating Membranes. TJie Human Voice 

216. Of this class, the drum is the well-known example. 
But by all odds the most interesting and most marvellous in- 
strument of this, or indeed of any class, is that which produces 
the human voice. Here, in general, three factors enter : 

(a) The vibrations of the so-called vocal cords. 
(6) The vibrations of the tongue, 
(c) The vibrations of the lips. 

The vocal cords consist of a pair of membranes situated one 
on each side of the throat (larynx). By changing the muscu- 
lar tension on these one easily changes the pitch of his voice. 
By altering the form of the mouth one easily changes the over- 
tones, and hence the quality of the tone. In this manner the 
various vowel sounds are produced. 

PROBLEMS 

1. Approaching a largie building at night, I stamp my foot on the pave- 
ment and 0.6 second later I hear the echo. How far away is the building ? 

Ans. 99.6 m. 

2. What is the pitch of sound whose wave length in air is 33.2 centi- 
metres ? Ans. 1000. 

3. Explain how the violinist varies the pitch of any one string by 
placing his finger upon it. 
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4. A well is 1800 centimetres deep. How long a time will be required 
for a sound to travel from the bottom to the top of the well ? How long 
will a stone be in falling from the top to the bottom of the well ? How 
long, then, after the stone is let fall, before you hear the splash ? 

Ans. Total interval = 1.969 sec. 

6. A Kundt's tube is filled with hydrogen, and it is then found that 
the distance between the successive dust heaps is 3.8 times as great as 
when the same note is sounded in the tube filled with air. From this 
compute the speed of sound in hydrogen. Ans, 1261.6 m. per sec. 

6. The brass rod used to excite a certain Kundt^s tube is just 1 
metre long ; the dust heaps which it produces in air are 99 millimetres 
apart. What is the speed of sound in brass ? Ans. 3353 m. per sec. 

7. An open organ pipe 166 centimetres long will yield a note of what 
pitch? Ans. 100. 

8. A closed organ pipe 62 centimetres long will yield what note ? 

9. Explain how it is that the speed of sound in a gas increases as the 
temperature rises. Show that an equation of the following form describes 
this phenomenon : 

F= 332.0 + 0.6 tf metres per second 
= 332.0 (1 -f 0.00181 1°) meti-es per second. 

10. Two telegraph sounders are placed on the same electric circuit so 
that they click each five times a second. One of these sounders is fixed ; 
the other I can carry off to some distance. How far away shall I have to 
take the movable one in order to hear its nth click at the same instant 
that I hear the (n + l)th click of the fixed sounder? This is the 
** unison *' method for measuring the speed of sound. Ans. 66.4 m. 
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CHAPTER VII 

THEORY OF HEAT 

217. There are few words in the English language — possi- 
bly none — which are employed in daily conversation with 
greater accuracy or more uniformity of meaning than the 
words liot, warm, and cold. 

We are all exceedingly familiar with the sensations of heat 
and cold; while the other thermal effects with which the 
average lad of fifteen years is acquainted would fill a volume. 
These include everything from the hatching of an egg to the 
running of a locomotive. But, on the other hand, heat is 
something which no one has ever seen or heard ; so far as is 
known, it has no weight; indeed, as we shall presently see, 
there is strong evidence for thinking that it is not a substance 
at all, but rather a form of energy. What, now, is the method 
of dealing with this invisible, intangible something called 
heat ? What is the nature of the evidence for thinking it 
a kind of energy and not a kind of matter ? To answer these 
questions, and not to introduce a new catalogue of phenomena, 
is the object of the present chapter. 

We shall consider the subject under the following sections ; 

I. Distinction between Heat and Temperature. 
II. Measurement of Temperature. 

TTT m £ i? TT i. T-k-x« * f Convcctiou — Conduction. 
III. Transfer of Heat. Diffusion ^ ^ ,. . 

[ Radiation. 

1. Change of Dimensions — Stress. 
2. . Change of Molecular State. 
3. Change of Temperature. 
178 



IV. Some Effects of Heat. 
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V. Measurement of Heat. 

Conservation of Energy. Connec- 
tion between Heat and Dynamics. 
Dissipation of Energy. 

VII. Applications. The Steam Engine. 



VI. The Nature of Heat. 



I. Distinction between Heat and Temperature 

21& Most people will agree that a cup of water taken from 
a boiling kettle has, at the instant it is dipped out, the same 
temperature as that of the boiling water. Most people will 
likewise agree that for heating purposes the large kettle is 
much more efficient than the small cup of water. A water bag 
or a water bottle that holds a gallon will give out more heat and 
give it out longer, other things being equal, than one which 
holds only a pint. If the temperatures of the two vessels of 
water are the same, the larger is said to contain the more heat. 
If a bath tub be half filled with cold water, one can heat it 
more by pouring in a gallon of boiling water than by putting in 
a quart of boiling water ; for, although the temperatures are the 
same, the gallon contains more heat than the quart. These 
simple facts are cited merely to show that popular notions 
concerning the distinction between heat and temperature are 
perfectly clear. They are also correct. But before the word 
temperature cg,n be admitted to the rather select vocabulary 
of physics, it must be defined in unmistakable English. This 
we now proceed to do. 

Im'kgine three vessels of 
water, A, B, O (Fig. 110), 
each containing a different 
quantity of water. If A and 
B are placed side by side, in 
contact, and B thereby gains 
heat, — '■ be it ever so little, — A has imparted heat to B ; and 
A is said to have a higher temperature than B. 

Put C in contact with B-y if B thereby loses heat, — be it 




Fig. 1 1 0. 
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ever so little, — heat has passed into C ; and C is said to be 
at a lower temperature than B. 

When, in general, one body is placed in contact with another, 
the difference of temperature between the bodies is that which 
determines which way the heat flows. If the heat flows from 
A to B, A has the higher temperature ; but if the heat flows 
from B to A, then B has the higher temperature. 

Consider two vessels of water, E and F (Fig. Ill), con- 
nected by a rubber tube. Does the water always flow from 

the large vessel to the small one ? What 
does determine the direction of the flow ? 
If the water flows from E to F, does the 
F surface of the water in F rise by the same 
amount that the surface in E falls ? 

Returning now to Fig. 110, heat the 
water in the smaller vessel C, nearly to 
the boiling-point, while the water in A 
has about the temperature of the room. 
Place a thermometer in each vessel ; and 
then put the vessel C into A, without 
allowing the liquids to mix. Does the temperature of C fall 
as much as that of A rises? 

Point out clearly the analogy between temperature and 
level; also between change of temperature and change of 
level. 

219. The following definitions will now be clear to every 
one who has mastered the foregoing facts: 

" Definition of Temperature. — Tlie temjyerature of a body is 
its thervial state considered with reference to its power of commu- 
nicating heat to other bodies. 

" Definition of Higher and Lower Temperature. — If when 
two bodies are placed in thermal conunuyiication, one of the bodies 
loses heat, and the other gains heat, that body tchich gives out heat 
is said to have a higher temperature than that tvhich receives heat 
from it. 




Fig. 111. 
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" Corollary. — If when two bodies are placed in thermal com- 
municaiion neither of them loses or gains heat, the two bodies are 
said to have equal temperatures or the same temperature. The 
two bodies are then said to he in thermal equilibrium, 

"Law of Equal Temperatures. — Bodies whose temperatures 
are equal to that of the same body have themselves equal tempera- 
tures,^^ — Maxwell, Theory of Heat, Ch. II. 

The point in this definition which calls for emphasis is the 
fact that temperature is a state of a body. " It is a condition 
which confronts us." 

In estimating temperatures, the student must be warned 
against drawing incorrect inferences from his sensations. For, 
in judging the temperature of the atmosphere, it is well 
known that our estimate is greatly influenced by any wind 
that may be blowing and by the presence of moisture in the 
air. If the hand be dipped into hot water and immediately 
afterward into tap water, the tap water will feel distinctly 
cold. But if a piece of ice be held in the hand for a moment, 
the same tap water will immediately after feel distinctly warm. 

The indications of thermometers such as are usually em- 
ployed in the laboratory are much more independent of their 
previous history than are the sensations of the human hand. 

II. Measurement of Temperature. Thermometry 

220. The mercurial thermometer is an instrument which 
belongs quite as much to the household as to the physical 
laboratory. But the principles upon which it is constructed 
are not so well known as the instrument itself. 

Since heat itself is invisible and intangible, and can be per- 
ceived only through its effects upon bodies, we must employ 
some one of these effects for the measurement of heat. For 
this purpose we have chosen change in size, which always 
accompanies a change in temperature. We might take a brass 
rod, 10 centimetres long, and then define one degree as that 
difference in temperature which is required to lengthen the brass 
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rod by j-^inf niillimetre. Such an instrument would be port- 
able and would give the same reading for the same tempera- 
ture; but it would be impossible to measure such a minute 
elongation except by means of elaborate apparatus. 

If a glass bulb fitted with a hollow stem were partially filled 
with water, we might define one degree as that difference of 
temperature which would increase the volume of water by Yihis 
of itself. But, unfortunately, water does not always increase 
in volume as its temperature rises. Moreover, each particular 
volume of the water does not correspond to one particular tem- 
perature. As we shall see presently, a body of water at 6° has 
the same volume as at 2°. A water thermometer would, there- 
fore, be ambiguous in its readings. Hence water is never used 
for making thermometers. 

But there is one substance, viz. mercury, which has shown 
itself eminently adapted to the purpose. Among the advan- 
tages of mercury may be mentioned the following : 

(a) It is easily prepared in a pure state. 

(b) It does not wet glass or stick to it. 

(c) It expands rapidly with rise of temperature, so that its 
changes in volume are easily read. 

(d) To each particular volume corresponds a definite tem- 
perature. « 

(e) It does not freeze except at temperatures comparatively 
low, and does not boil except at temperatures comparatively 
high. 

The principle of the mercurial thermometer is that mercury 
expands more than glass. If, therefore, a glass tube having 
a bulb blown at one end be partially filled with mercury and 
immersed in a bath at higher temperature than its own, the 
mercury will rise in the tube. If the instrument is immersed 
in a bath of lower temperature, heat will flow from the mercury 
to the bath, and the mercury will descend in the tube. AVhen 
the mercury is neither rising nor falling, it is fair to suppose 
that the thermometer is at the same temperature as the bath, 
or, at least, the part of the bath immediately about the ther- 
mometer. 
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Manufacture of a Thermometer 
221. The steps in the process aie as follows : 

1. The selection of a piece of thick-walled capillary tubing 
of very uniform bore, 

2. A bulb is blown on the end of this tube. 

3. The bulb ia filled with mercury. It is then highly heated 
and " sealed off." 

4. The tube of the thermometer is graduated. 

This last step is one which demands further consideration. 



222. Fixed Points of a Thermometer 

It so happens that there are two temperatures which can be 
easily produced and reproduced at aljnoat any place and at any 
time; one of them is the melting-point of 
ice, the other is the boiling-point of water. 

It was first proposed by Celsius,*' and 
has since been agreed upon by the whole 
scientific world, that these two temperatures 
should be called zero and one hundred degrees 
respectively. Together they are known as 
the fixed points of the thermometer. The 
interval between these two fixed points is 
divided into 100 steps — degrees — in such 
a way that the apparent change in volume 
of the mercury between any two successive 
steps is exactly -j-J-j part of the total appar- 
ent change in volume between 0° and 100°. 
This is known as the centigrade scale, and 
is generally indicated by writing a " 0."- \ 
after the numerical value of the tempera- fmntai 
ture. Thus " 48° C." means " 48 degrees on f^^^ 
the centigrade scale." 

The first step in the graduation of a thermometer 



■ Celsius, a Swedish 



and phyaiciEt, bom 1701, died 1744. 
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determine the fixed points, and mark them on the tube. Next 
the 50° point is so chosen that the volume (not the length) of 
the tube between 50° and 100° is equal to the volume between 
50° and 0°. In like manner, the 25° point must halve the 
volume between 0° and 50°. 

The manner in which these p6ints are determined will be 
considered in the laboratory. 

In the scale proposed by Fahrenheit, the volume between the 
fixed points is divided into 180 parts ; while the zero is placed 
at a point which is 32 of these degrees below the melting-point 
of ice. 

223. Essential Features of a Good Thermometer 

1. It must be easily portable. 

2. It must be permanent. 

3. It must always give the same reading when subjected to 
the same temperature. . 

4. It must be possible for the user to test the correctness of 
its graduation, and to determine any errors in its graduation. 

5. It must be relatively small, so that when placed in con- 
tact with a second body, the temperature of the second body 
will not be seriously affected. 

III. Transfer op Heat 

224. Having defined temperature as that which determines 
the direction of flow of heat, we next consider the various 
modes by which heat is transferred or diffused. Of these 
only two general methods are known; viz. (1) Conduction and 
(2) Radiation. 

1. Heat Conduction 



The handle of a spoon may become very hot when the 
bowl of the spoon is placed in a cup of tea. The process by 
which the heat is transferred from the lower to the upper part 
of the spoon is called conduction. The same spoon, when used 
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with ices, may become very cold. Here, again, the process by 
which the heat is transferred, this time from the handle to the 
bowl of the spoon, is called conduction. 

It is to be carefully observed at this point that we are none 
the wiser for having given a name to this phenomenon. A 
name is a mere convention, in this case, a matter of agreement 
among scientific men. It is very convenient, but it explains 
nothing. 

Very little, indeed, is known about the mechanism by which 
the particles of a solid body hand on the heat from one to 
another. A great deal else, however, is known about heat con- 
duction. At any rate, we know that the process does not 
depend upon the visible motion of matter. Agaju every one 
knows that he can hold the stick of a burning mjiich for 30 or 
40 seconds without difficulty ; but a copper wire of the same 
size and shape held in a match flame for that length of time 
becomes unbearably hot. 

An iron and a copper rod, each of the same length, say half 
a metre, and of the same cross-section, each having one end 
placed in the same flame, will become unequally heated at 
equal distances from the junction. (See Fig. 113.) For, if at 
equal distances from the flame on each rod be placed either 
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Fig. 1 1 3. — Illustrating the fact that copper is a better conductor than iron. 



bits of wax or matches, those on the copper will melt or burn 
earlier than those on the iron. A series of bicycle balls 
attached with wax, three centimetres apart, along each bar 
will melt off in such a way as to show the progress of tem- 
peratures in the bars. 

It is here to be borne in mind that the rapidity with which 
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the iron and the copper heat up at any point depends not only 
upon the rate of conduction, but also upon the amount of heat 
required to raise the temperature of equal masses of iron and 
copper through one degree ; i.e, upon what we shall call, later, 
the specitic heats of iron and copper. In the present experi- 
ment, however, these two values are so nearly equal that the 
relative conductivities of iron and copper are fairly repre- 
sented. 

It is a very interesting fact that all substances which are 
good conductors of electricity are also good conductors of heat. 



Table of Conductivities for Heat 



Copper 1.108 

Zinc 0.307 

Brass 0.302 

Iron 0.164 

German silver . . . 0.109 

Ice 0.0057 

Firebrick .... 0.0017 



Water . . 


. 0.0014 


Glass . . 


. 0.0005-^.002 


Paraffine . 


. 0.00014 


Wool . . 


. 0.00012 


Paper . . 


. 0.000094 


Air . . . 


. 0.000049 



I. Were we to attempt to melt ice by means of a copper 
bar one end of which is held in a flame at constant tempera- 
ture, the other end on the ice, we should find the rate at which 
the ice is melted depends upon the dimensions as well as the 
composition of the bar. If the bar were made twice as thick, 
the heat would be transferred nearly twice as rapidly. But if 
the cross-section remained constant while the bar were made 
twice as long, we should find the ice melting only about half 
as rapidly as before. 

By such experiments it has been found that the rate at which 
heat " flows " through a solid depends upon four things only, 
viz. the material of the bar, the length of the bar, the cross- 
section of the bar, and the difference in temperature between 
the ends of the bar. These facts are more elegantly summa- 
rized in algebraic symbols. (See p. 192.) Thus expressed, they 
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form the fundamental equation of Heat Conduction.* When 
we come to consider electric currents, we shall find that Ohm's 
Law is merely one application of this general equation. 

PROBLEMS 

1. Why is it that cork handles on a bicycle are cooler in summer and 
warmer in winter than metal handles ? 

2. What is the principle of the miner's safety lamp devised by Sir 
Humphry Davy ? Look this up and be able to explain by means of a 
diagram on the blackboard. 

3. Why are steam pipes packed in glass wool or asbestos ? 

4. Three rods, one of brass, one of iron, and one of German silver, 
have the same dimensions. Which one would you utidertake to hold in 
a flame for the longest time without burning yourself ? 

Convection Currents 

227. If a cup of tea be too hot to drink, we may cool it by 
adding cream or cold water. Here the heat of the tea is 
transferred to the cold water by the 
process of conduction; but the hot 
and cold portions of the tea do not 
need to be stirred: they will mix, 
although a little more slowly, of 
themselves. This mixing, which is 
a mere mechanical process, is called 
convection. 

The hot air of a chimney rises, 
mixes with the outside air, and gives 
some of its heat to the outside air. 
The hot air rises because its density 
is less than that of cold air. This 
process of carrying the hot air up 
the chimney is, again, convection. ^^8^- ^^^-'^^^^^/^^^^ 
A beaker of water to which a flame 
is applied on one side, as in Fig. 114, becomes equally heated 

* The founder of this science is Fourier, the distinguished French 
physicist, bom 1768, died 1830. 
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all through. First of all, the water just over the flame becomes 
hot by conditction through the glass. Then, by convection, 
the hot water just over the flame rises to the top and the 
colder water flows iu to take its place, as indicated by the 
arrows. 

This cold water, in turn, becomes heated by conduction 

through the glass. These currents, easily detected by small 

particles in the water, are called couTection curreata. These 

are exhibited on a gigantic scale In the equatorial regions of 

the earth, where the lower layers of the atmosphere, iu contact 

with the water of the oceans or with the land, become highly 

heated by conduction and then rise 

by convecliOH. The air rushing iu 

from north and south constitutes the 

trade winds. 

Perhaps the best illustration of con- 
vection currents is obtained by the 
simple experiment indiciited in Fig. 
115. 

fi is a glass tube with both ends 
fitting into ^ cork in the bottom of a 
lamp chimney. The chimney, A, is 
filled with colored water ; but the tube, 

. B, is filled with clear water. The cir- 

Fig. LIS, -circuiition In tubes, culation becomes very evident in a few 
brought^ iboui by conveeiion ggeoiids after s. flame is applied to one 

Observe that here again the heal is communicated t,o the 
water by conduction through the glass, while the water is trans- 
ferred from one part of the vessel to another by the mechanical 
(not thermal) pi-ocess of convection. 

228. From the preceding it will be evident that in fluids 
we have, in general, both processes, conduction and convec- 
tion, always at work; while in solids, convection is neces- 
sarily impossible. When, however, heat is applied to the 
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upper layers of a fluid, convection may be reduced to a 
minimum. 

To illustrate, put a small piece of ice, say two grammes, in 
the bottom of a test-tube and hold it at the bottom by means 
of a little coil of wire or wire- 
gauze. (See Fig. 116.) The 
tube may be filled with water, 
and held over a flame until 
the water in the top of the 
tube boils. The heated por- 
tions, being lighter than the 
cold, remain on top, while 
water is such a poor conduc- 
tor of heat that the ice in the 
bottom is not easily melted. 

In all the varied processes 
of heat conduction, whether 
aided by convection or not, it 
will be observed that the heat 
is transferred from places of 
higher temperature to places 
of lower temperature. In this 

respect heat behaves like steam and all other fluids in flowing 
from points of higher pressure to points of lower pressure. 
We shall later find electricity behaving in the same way. 




Fig. 1 1 6. — Illustrating the fact that water Is 
a poor conductor of heat. 



2. Radiation of Heat 

When the hand is held some inches at the side of, or 
underneath, an incandescent electric lamp, the sensation of heat 
is distinctly recognized. The same is true of the hand placed 
beneath a heated metal ball. (See Fig. 117.) We hold our 
hands before an open-grate fire to warm them. How does the 
heat pass from the fire to the hands ? Certainly not by conduc- 
tion. For air is one of the very poorest conductors known. 
(See Table, p. 186.) Nor is it a case of conduction aided by 
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convection currents. For, in each of the three cases cited 
above, the currents due to convection are such as to cool the 

hand. 

Indeed, one of the earliest observa- 
tions made after the discovery of the 
air pump was that both heat and light 
pass through a vacuum with the utmost 
ease. There is every reason for be- 
lieving that the space which separates 
us from the sun is more nearly a per- 
fect vacuum than any other known; 
yet across this vast, and so-called 
empty, region the earth daily receives 
enormous quantities of heat. But by 

''\l>llZl1!tT.mZ what process? We cbII it radiation. 
ball. But what is radiation ? 




230. The question here raised can be answered (but only 
very imperfectly) by anticipating some of the results of optics 
and thermodynamics. At this point we must content ourselves 
with saying that there is most excellent evidence for thinking 
that light is a form of energy, that light consists in a wave 
motion, that this wave motion is propagated in a medium 
(called the ether) which permeates all bodies and fills all inter- 
stellar space, and that this wave motion travels in free space 
(i.e. space devoid of matter) at the rate of 300 million metres 
per second, but always more slowly in space which is not 
devoid of matter. 

Now the experimental evidence for thinking that radiant 
heat is of exactly the same nature as light is overwhelming. 
And all the more important laws of radiant heat and of light 
are included under one single and general statement of the 
Laws of Radiant Energy. But these must be reserved for the 
advanced student. 

If, however, we once take for granted the evidence for think- 
ing radiant heat a wave motion, we may immediately predict 
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resonance, interference, reflection, refraction, and other prop- 
erties of waves. 

Kirchhoff^s Law 

231. In this connection the following experiment should be 
seen by every one : 

A narrow line is marked with white chalk upon a small 
electric light carbon as indicated in Ay Fig. 118. In a moment, 
the carbon can be heated to 
redness in the flame of a blast 
lamp. If this red-hot carbon 
is now viewed in a room well 

darkened, the white belt which B | B ) 

before heating sent to the eye Fig. ii 8. — illustrating Kirchhoffs 
the most light is now quite *^* 

dark and sends to the eye less light than any other part of 
the carbon. B^ Fig. 118. 

This experiment is in thorough accord with what we might 
expect if radiant heat consists in a wave motion. For in our 
study of vibrating bodies (see Resonance, p. 143), we have 
found that any source of vibrations, e.g. a tuning-fork or a 
pendulum, can absorb only those vibrations which are of the 
same period as its own. 

A source of vibrations is a source of radiant energy. It has 
been proved that the red-hot carbon emits waves of all lengths. 
It might, therefore, be expected that the carbon when cool 
would absorb waves of all lengths, and thus appear black, pro- 
vided the disturbances involved in the radiation of heat are 
ordinary mechanical disturbances such as we have been study- 
ing under the subject of dynamics and sound. If the white 
chalk when cool is unable to absorb many rays, we might 
expect it when hot to be unable to emit many rays ; i.e. we 
would expect to find it dark in comparison with the hot 
carbon, provided the radiation of heat and light is due to mere 
mechanical vibrations of matter. The absorption of heat and 
light is then a mere matter of resonance. This was first 
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clearly pointed out by Kirchhoff,* who summarized the facts 
of the case in a statement not very different from the follow- 
ing: A body when heated emits exactly those kinds of radiant 
energy which the same body if cool would absorb. 

It is important here to note that the principle of resonance 
was not employed by Kirchhoff to predict the behavior of the 
heated carbon and chalk ; but, on the contrary, this experiment 
was employed to show that the principle of resonance holds 
quite as well for bodies radiating energy by means of ether 
vibrations, as for ordinary pendulums and sounding bodies. 

Kirchhoff's Law is the foundation of the modern science of 
spectroscopy. 



Summary of Results conceiving Transfer of Heat 

1. Heat Conduction. 

Let k = thermal conductivity of a substance ; 
I = the length of a bar ; 
s = the area of cross-section ; 
= difference in temperature between the two ends. 

Then the following equation summarizes the principal facts 
of heat conduction : 

Rate of flow of heat = — — . 

I 

In liquids and in gases the diffusion of heat is in general 
facilitated by convection currents. 

2. Radiant Heat, — A form of energy, propagated by a 
wave-motion in the ether, and obeying the ordinary laws of 
wave-motion. The phenomenon of resonance in heat waves 
was first clearly recognized and described by Kirchhoff. 

IV. Effects of Heat 

233. The effects of heat are so various and so numerous 
that their mere mention would fill a large volume. But those 

* Kirchhoff (Jaom 1824, died 1886), an eminent German physicist. 
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which are most important, from the beginner's point of view, 
may perhaps be grouped under three heads, viz. : 

1. Change of Dimensions, or Change of Stress, 

2. Change of Molecular State, 

3. Change of Tempe^'ature, 



Change of Dimensions 

1. Expansion of Solids 

L When the blacksmith kindles a fire in a ring about the 
size of a wagon wheel, and places on the fire an iron tire so as 
to expand it and make it large enough to slip over the wooden 
part of the wheel, it may generally be observed that the small 
boy of the neighborhood has time to stop and watch the 
process. When cold the tire is just too small to be forced on 
the wheel; when heated it has become large enough to be 
driven on; but when cold again the tire has a firm grip on the 
wheel. This process is known as " shrinking on " a tire. 




Fig. 1 19. — Roller providing for expansion of iron bridge. 

Exactly the same effect is observed in the uncompensated 
pendulum, i.e, in a clock pendulum made of one single kind of 
metal. In hot weather the pendulum becomes longer, its 
period becomes greater, and the clock runs more slowly. In 
cold weather the clock runs faster. 

When next you cross a girder bridge made of iron observe 
that one end rests not directly upon the pier, but upon an iron 
roller, as shown in Fig. 119. The bridge is thus free to elon- 
gate and contract without damage to itself or to the pier. 
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PROBLEMS 

1. Look up the subject of compensated pendulums in some encyclo- 
psBdia or larger treatise on physics, and be able to explain the principle 
by means of a diagram on the blackboard. 

2. A wagon tire 300 centimetres in circumfei-ence is heated until its 
length has increased by I centimetre, i.e. by one-third of one per cent. 
By what per cent has the area enclosed by the tire increased ? 

Ans. Two-thirds of one per cent. 

8. For every degree (centigi'ade) that iron is heated it increases in 
length by one-thousandth of one per cent. When the temperature rises 
from 0° to 30°, how much longer will an iron bridge of 200 feet span 
become ? Ans. 0.72 inch. 

Coefficients of Expansion 

235. If a bar whose length is I centimetres changes in 
length by e centimetres, while its temperature changes by ^°, 

the change in unit length per degree is — . This quantity is 

called the coefficient of linear expansion for the material of 
which the bar is made. 

Let us denote this coefficient by a, then 

a = — . ^'J^'^i^ff *^- forcoef. ^ ^^ 

lAo linear expantnon. ^ 

The three quantities on the right-hand side of this equation 
can each be determined in the laboratory. Thus the quantity, 
a, can be measured with a fair degree of accuracy ; but it is 
not so easily interpreted. How much a bar elongates on heating 
is one question ; why a bar elongates on heating is quite 
another question. 

But we must here content ourselves with the remark of Max- 
well that the whole of modern science is an answer to the 
question, " How much ? " One may easily imagine " molecules " 
elbowing one another more and more vigorously, the more the 
material is heated. But what then shall we say to the follow- 
ing phenomenon? 

Take a piece of ordinary rubber tubing from three to five 
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feet in length. Into each end fasten a three-way connecting 
tube of brass, as shown in Fig. 120. These can be wired in 
very easily. The upper end of 
the tube is attached to a sup- 
port. To the lower end is fixed 
a stretching weight. Cork up 
one of the openings at the top, 
and into the other introduce a 
current of steam. The rubber 
will contract to such an extent 
as to be easily seen at once by 
the whole class. Evidently the 
"molecules" of rubber behave 
very differently from those of 
the iron in the wagon tire and 
from those of the brass in a 
clock pendulum. For the pres- 
ent the student ivill find it wise 
to give more attention to the 

, . ^ . /. . , I Figr. 120. — The contraction of rubber on 

patent facts of nature and less ^ heating. 

to molecular hypotheses. 

Substances which, like rubber, contract on heating are said 
to have negative coefficients of expansion. 




Table 
Coefficients of Linear Expansion 

Glass 0.0000085 = yj^VinF 

Platinum 0.0000085 = y^^Vw 

Steel 0.000012 =^^^^717 

Brass 0.000018 = ^i^^ 

Copper 0.000019 = ^W 

Aluminium 0.000023 =^^^^^7 

Zinc 0.000029 = 3^ W 

Rubber . . Negative. Varies rapidly with stretch- 
ing weight. 
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PROBLEMS 

1. Since glass, copper, etc., expand on heating and contract again on 
cooling, why not employ a glass rod of definite length made of some one 
of these materials to measure temperatures ? To each length of the rod 
would correspond a definite temperature. What practical objections ? 

2. Explain, by diagram on blackboard, just how a strip of zinc soldered 
to a strip of sheet copper, as indicated in Fig. 121, can be employed to 
announce (by the ringing of a bell) when a room is too hot and when too 
cold. 




BATTERY 

Fig. 121. — Device for announcing change of temperature. 

8. An iron cannon ball of radius 5 centimetres is heated until its 
radius has been increased by ^ of one per cent. Find by what per cent 
the volume of the ball has been increased. 

4. Long horizontal steam pipes are always supported in such a way 
that they are free to move at one end. Why ? 



Change of Dimensions 

2. Expansion of Liquids 

236. Since liquid bodies are defined (p. 97) as those which 
have no shape of their own, but assume the shape of the con- 
taining vessel, it is evident that a liquid body has no char- 
acteristic edges or lines, and hence no coefficient of linear 
expansion. But liquid bodies have characteristic volumes, and 
these change when heated. 
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Definition of Coefficient of Expansion of a Liquid 

237. If we denote by Vi and V2 the volume of a liquid at 
the temperature ti and ^2 respectively, and if we call the 
coefficient of expansion b, its defining equation becomes 



jv __ y2 — y^l Defining eq. for 

IT (i f\ cubical expansion. 



Eq.32 



When, therefore, we speak of the coefficient of expansion 
of a liquid, we shall always refer to its coefficient of cubical 
expansion, Le, to that fraction of itself by which a volume of 
liquid increases when heated through one degree. 

Of all liquids, water and mercury are perhaps the two of 
most importance in the physical sciences. We shall consider 
these briefly. 

Mercury 



The very elegant method by which Kegnault * deter- 
mined the density of mercury at various temperatures, and 
hence its coefficient of expansion, has 
long served as a model for succeeding ex- 
perimenters. The process is as follows : 

Two U-tubes, filled with mercury, 
as shown in Fig. 122, are connected 
at the bottom by a tube of small cali- 
bre; and this tube contains a little 
air which serves to separate the two 
columns of mercury. We have then 
really two U-tubes of mercury joined 
by a capillary tube of air. 

In the portion of the tube marked 
C, the pressure must be the same 
throughout the volume of air. For if 
the pressure due to each of the mer- 
cury columns were not the same, the 

* Regnault (b. 1810, d. 1878), a French physicist distinguished for 
his experimental skill. 




Fig. 122. — Regnault's experi- 
ment. 
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mercury surfaces would move one way or the other until they 
were equal. 

Suppose now that we heat the mercury in the branch B until 
it reaches a temperature ^j, and that in the branch A we cool 
to the temperature ti. The density of the mercury in B will 
diminish on heating ; consequently the difference of level indi- 
cated by ya will increase. The density of the mercury in A 
will increase on cooling, and hence the difference of level in 
A will diminish; call this difference yi. The pressure in C 
due to mercury in A is, by the Second Law of Hydrostatics, 
yiDig ; while the same pressure in C due to B is y^D^, 

But these pressures must be the same. Hence, 

y\3 A, g^y^f D» g- 

... ?(?= A 

" Vi A 
. yg-.Vi -, A- A 
* * yi A 

By measuring 2/2 and yi, Regnault was thus enabled to deter- 
mine the fraction of itself by which the density of mercury was 
changed when its temperature varied from ii to t^* 

But how can one obtain from this fraction the value of the 
coefficient of expansion ? 

Consider any constant mass of mercury, M, whose volume 
is changing in consequence of a variation in temperature. 
The defining equation for density is 

M= FiA= F2A. 
. F2-Fi _ A-A 

•• F, " A 

.•. by substituting in Eq. 32, 

V2- Vi ^ y2-yi 
Fi yi 

or b= y^""'^^ , Eq. 32 A 

yi {k - h) 
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where yi and y^ are differences of level corresponding to 
temperatures ti and fj respectively and b is the coefficient of 
cubical expansion. These quantities yi and ^2 a-re, 
however, difficult to measure with accuracy. 

Of course, we might take a single tube of mer- 
cury, Fig. 123, and measure its height at two 
different temperatures ; but here the difficulty is 
that the glass vessel containing the mercury ex- 
pands with the heat so that the volume of the 
mercuxy is no longer proportional to the height 
of the column. In this way we should obtain 
only the apparent expansion of mercury. It is the 
apparent expansion which is used in glass and mer- 
cury thermometers. 

The beauty of Eegnault's method is that the 
height of the column depends only on the tem- 
perature, and not at all upon the containing vessel. Eegnault 
thus measured the absolute expansion. 



Fig. 123.— 
parent 
pans ion 



Ap- 
ex- 



Wdter 

From many points of view, water is a remarkable sub- 
stance. This is strikingly exhibited in its behavior under 

VOLUMES 



THE 0R0INATF8 

OF THIS CURVE 

EXTEND ABOUT 

6 METERS 

BELOW THIS UNE 




10" 20° 

Figf. 1 24. — Expansion of water. 



TEMPERATURE 
IN DEGREES 
CENTIQRAOE 



heat. In general, warm liquids are less dense than the same 
liquids cold; and this is true of water except between the 



200 



THE ELEMENTS OF PHYSICS 



temperatures 0°C. and 3°.98C. The manner in which water 
expands under heat is clearly set forth in the curve, Fig. 
124. 

The coefficient of expansion of water has recently been 
determined at the Reichsanstalt * by the method which Reg- 
nault employed for mercury. The results are summarized in 
the following table : 

Density of Water 



Temperature 


Density 


Volume 


Centigrade 






0° 


0.909867 


1.000132 


3.98 


1.000000 


1.000000 


10. 


0.999727 


1.000272 


15. 


0.999126 


1.000874 


20. 


0.998229 


1.001773 


25. 


0.997071 


1.002937 


30. 


0.995673 


1.003345 


35. 


0.994057 


1.005977 


40. 


0.992241 


1.007819 



The preceding figure (124) is merely a graphical description 
of the results contained in this table. 



Change of Dimensions, or Stress 

3. Expansion of Gases 

240. Perhaps the simplest method of showing the pressure 
of the earth's atmosphere is to partially exhaust the air from 
a vessel (Fig. 125) having one opening covered with sheet 
rubber such as dentists use. When the air is removed from 
the inside, the excess of pressure on the outside shows itself 



* Reichsanstalt^ the great national physical laboratory of Germany, 
situated in Charlottensburg, a suburb of Berlin. 
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in the concave surface of the rubber. In exactly the same 
way, we may detect the effect of heat upon a body of gas 
enclosed in a wide-mouthed bottle, 
or Florence flask. If we carefully 
cover the mouth of the bottle with 
a sheet of rubber, as shown in Fig. 
126, a slight rise in temperature is 
sufficient to make the rubber con- 
vex outwards. From this what in- 
ference do you draw concerning the 
pressure inside ? What effect is pro- 
duced on the rubber when the bottle 

is cooled in water ? What inference do you draw concerning 
the pressure inside ? How is the volume of the gas affected 
by the heat ? Is the mass of the gas altered by 
the heat ? 

The same phenomena are illustrated in a more ^ *•" 
marked way by the use of a glass bulb with a tf4--o' 




Fig. 125. — Stretched membrane 
used to indicate pressure. 






--100 



Fig. 126. — Demonstration of increased 
pressure produced by heat. 




Fig. 127. — Galileo's 
thermometer. 



stem of rather small bore as shown in Fig. 127. The bulb is 
first warmed by holding in the hand for a moment : it is 
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then inverted in a flask of colored liquid with the stem under 
the surface of the liquid. When the bulb cools to the tem- 
perature of the room, the liquid rises in the stem. This 
instrument is sensitive to the touch of a finger. 

It is the earliest form of thermometer, and was devised by 
Galileo. He showed it in his lectures at Padua not later than 
1603, and also employed it as a clinical thermometer, to detect 
fever. For this latter purpose a scale of 100 parts was placed 
on the stem. 

Be able to show on the blackboard that when the liquid 
descends in the stem the pressure inside the bulb increases, 
provided there be no variation in the height of the barometer. 

Law of Charles 

241. By definition, the volume of a gas is always the volume 
of the containing vessel. Boyle's Law states the experimental 
fact that to each volume of gas there corresponds a definite 
pressure, provided the mass and the temperature remain con- 
stant. If, however, the temperature varies, the effect may be 

(1) a change of volume while the pressure remains con- 

stant; or 

(2) a change of pressure while the volume remains con- 

stant; or 

(3) a change of both pressure and volume. 

To determine the effect of heat on a gas, we must then 
measure either 

(1) the ratio of increase of volume to original volume in 

a gas kept at constant pressure ; or 

(2) the ratio of increase of pressure to original pressure in 

a gas kept at constant volume, 
in each case for a rise of one degree in temperature. 

These two quantities were first roughly measured by Charles, 
afterwards more accurately by Gay-Lussac* 

* Gay-Lussac, a French chemist, bom 1778, died 1860. 
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The capital discovery was thus made that 

(a) These two quantities are the same for any one gas. 

(b) They have very approximately the same numerical value 
for all gases, namely 

0.003665 = ^. 

The actual measurement of these quantities is a somewhat 
difficult matter, and may well be reserved for the student's 
second or third year in physics. But the algebraic description 
of Gay-Lussac's results is a matter of the utmost simplicity. 
It is as follows : 

Let Vo and F, represent the volumes of a body of gas at 
the temperatures 0° and t° respectively; then, so long as the 
pressure remains constant, 

Vt = Fo(l + 0.003665 f). Law of Charles. Eq. 33 

If, in like manner, Pq and P^ represent the pressures of a 
body of gas at the temperatures (f and f respectively, then, 
so long as the volume remains the same, 

P, = Po (1 + 0.003665 ty Eq, 33 A 

242. One of the most beautiful chapters in physical science 
is that in which it is shown, by the ordinary principles of 
dynamics, that a large number of perfectly elastic particles, 
in rapid motion, and enclosed in a vessel, will behave exactly 
as a gas has been found to behave; that is, such a group of 
particles will obey the laws of Boyle and Charles. And since 
a group of particles will behave as a gas, we are led to think 
that probably a gas is made up of just such particles. These 
particles are called molecules. And this idea is known as the 
Kinetic Theory of Gases. The evidence for it, however, would 
be out of place at this time. In like manner must be post- 
poned the discussion of "absolute temperature" and the ele- 
gant union of the laws of Boyle and Charles into one single 
and simple expression, viz. PV=BT, 
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IV. Effects of Heat 

2. Change of Molecular State 

243. There are probably not many people whose memories 
reach back to years so early that they recall their surprise at 
first seeing a piece of ice melt in their hands and apparently 
disappear. The change from water to steam which occurs in 
a boiling tea-kettle is equally familiar. These two instances 
of melting and boiling are so typical of many similar cases 
met with in nature that they deserve close attention. 

In the first place, it is well known that water and ice have 
the same chemical composition and the same chemical prop- 
erties. A similar statement concerning solid and liquid 
paraffine would be true. 

In the second place, a glass of water so long as it contains 
ice and is stirred does not become either hotter or colder on 
standing. The ice may melt away; but, so long as there is 
any ice left, the water will remain approximately at what we 
call " the temperature of melting ice." 

Thirdly, the temperature of melting ice can be changed by 
placing the ice under pressure. The most convenient method 
of showing this is perhaps the following : 

Choose a block of ice having a section of from 10 to 15 centi- 
metres square. Support it, as indicated in the figure, upon 

two stools or boxes. 
Over the ice tie a loop 
of steel piano wire about 
one-half millimetre in 
diameter. Hang a mass 
of about 25 kilogrammes 
on the wire. In this 
way you can subject 
the ice to a pressure 
of several hundred kilo- 
grammes per square centimetre. Compute the area of the 
wire in contact with the ice. The weight of the mass attached 




Fig. 1 28. — Effect of pressure on melting point of ice. 
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divided by this area will roughly give the pressure. The block 
of ice will, in general, be not far from its melting temperature ; 
but the melting will all occur at the surface until pressure is 
put on the wire; it will then be observed that the ice just 
underneath the wire melts also and lets the wire cut its way 
through the block. But the water behind the wire freezes 
at once, so that the ice remains a solid block although it has 
just been cut in two. The effect of pressure is, then, to produce 
melting, i.e. to lower the freezing point of water. 

Our experience with ice and all other solids may be sum- 
marized in the following statement: 

Experimental Law of Melting 

"The pressure remaining the same, there is a definite melting 
point for every solid ; and (provided the mass be stirred) however 
much heat be slowly applied, the temperature of the whole remains 
at the melting point till the last particle is melted." — Tait, 
Heat, Ch. VIII. 

Table of Melting Points (Centigrade) 

Mercury —40° 

Ice 

Paraffine 40 to 58 

Sulphur 113 

Lead 326 

Zinc 415 

Glass 800 to 900 

Gold 1035 

Cast Iron 1100 to 1200 

Wrought Iron ...'•.... 1500 to 1600 
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Boiling 

244. (1) In like manner, the chemical composition and 
the chemical properties of steam do not differ from those 
of water. 

(2) However much you boil the water in the tea-kettle its 
temperature does not change after boiling has once begun. 
One can easily satisfy himself of this with an ordinary mer- 
cury thermometer. • 

(3) But the temperature of boiling water is very much 
changed by a change of pressure. 

This is most easily proved by boiling in a kettle of water 
a bottle half filled with water. If this bottle be corked while 
still boiling, it may be removed with so little air enclosed 
in it that the pressure on the enclosed water becomes greatly 
less than that of the atmosphere. Under these circum- 
stances, the water in the bottle will continue to boil long 

after it has reached a temper- 
ature not uncomfortable to the 
i hand. 

I In the laboratory this phenome- 
I non is most commonly shown by 
I boiling over a Bunsen flame a Flor- 
I ence flask half filled with water. 
Cork the flask while boiling. Re- 
move it at once to a support pre- 
viously prepared and cool with cold 
water. Violent boiling will occur 
during the cooling process. 

To show that to each different 

Fig. 1 29. — Boiling point lowered by , j n -^ i ., 

diminution of pressure. prcssurc Corresponds a definite boil- 

ing point, a very simple method is 
that indicated in Fig. 130. Through the cork of a large-necked 
flask insert a thermometer, a U-tube that can be partially filled 
with mercury and used as a pressure gauge, also an escape 
pipe, e. 
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PINCH- 
COCK 



The escape pipe is fitted with a tip of rubber tubing and a 
pinch-cock. By a little manipulation of the pinch-cock one 
can produce and maintain any desired 
height, h, in the pressure gauge. In like 
manner, to observe the effect of dimin- 
ished pressure, one can connect the es- 
cape pipe, e, with an air pump. For 
each different A, the thermometer reg- 
isters a different boiling point. It will 
thus be seen that the boiling point of 
water is much more sensitive to changes 
of pressure than is the melting point 
of ice. Not only so, but the effects of 
pressure in these two cases are exactly 
opposite : the melting point of ice is 
lowered by pressure ; the boiling point 
of water is raised by it. 

Our experience concerning boiling Fi?i3o.- Boiling point raised 

•^ "^ ° by increase of pressure. 

may be summarized as follows : 

''The pressure remaining the same, there is a definite boiling 
point for the free surface of every liquid ; and (provided the mass 
be stirred) however much heat be applied, the temperature of the 
whole remains at the boiling point till the last particle is evapo- 
rated."— Tait, Heat, Ch. IX. 




k It can be shown that liquids are undergoing evapora- 
tion at all temperatures. But the region over the free surface 
of a liquid may contain so much vapor from the liquid that 
condensation will occur as rapidly as new vapor is formed. 
The atmosphere over the liquid is then said to be saturated. 
Explain the phenomenon of rain. 

The process of boiling occurs when the temperature has 
reached a point where vapor is formed in the interior of the 
liquid, and rises to the top. But unless the pressure of this 
hot vapor were equal in pressure to that at the free surface 
of the liquid, the bubble of vapor would collapse in the liquid. 
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The temperature of boiling (what we ordinarily call the boiling 
point) is then simply that temperature at which the saturated vapor 
of the liquid exerts a pressure equal to the pressure at the free sur- 
face of the liquid. 

The following table, due to Regnault, shows us very clearly 
just how the boiling point of water varies with the pressure : 

Pressure of Saturated Water Vapor 



Temperature 


PresHure In 


Temperature 


Pressure io 


Centigrade 


Atmospheres 


Centigrade 


Atmospheres 


0° 


0.006 


90° 


0.691 


10° 


0.012 


100° 


1.000 


20° 


0.023 


110° 


1.416 


30° 


0.042 


120° 


1.962 


40° 


0.072 


140° 


3.576 


50° 


0.121 


160° 


6.120 


60° 


0.196 


180° 


9.929 


70° 


0.306 


200^ 


15.380 


80° 


0.406 


220° 


22.882 



PROBLEMS 

1. A pressure of one atmosphere is defined as a pressure that will 
support a column of mercury 76 centimetres high. If we take the 
acceleration of gravity as 980, how many dynes to the square centimetre 
will be equivalent to a pressure of one atmosphere ? Density of mer- 
cury = 13.6. An8. Approximately one million dynes per cm^. 

2. The average reading of the barometer at the top of Mount Hamilton 
(the Lick Observatory) is 65 centimetres. At what temperature, there- 
fore, does water boil on Mount Hamilton ? Ans, 95° C. approximately. 

8. At the top of Pike's Peak water boils at a temperature of 86°. 
What, therefore, is the average reading of the barometer on Pike's Peak ? 

Ans. 45.15 cm. 

4. The pressure of the atmosphere is approximately 15 pounds weight 
to the square inch. The boiler of an Atlantic liner carries a steam press- 
ure of 300 pounds weight to the square inch. What is the temperature 
of the water in this boiler ? See Regnault's table. Ans. 212°.3 C. 

6. How do you explain the fact that as a vessel of sap from the maple 
tree is boiled away the percentage of sugar in the solution left behind 
continually increases ? 
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3. Change of Temperature 

246. Everybody knows that, in general, the effect of im- 
parting heat to a body is to make it hot, i.e. to increase its 
temperature. Two exceptions to this rule we have just 
studied under the head of melting and boiling. 

As we shall see presently, heat is a form of energy ; and 
when heat energy is imparted to a body it may disappear as 
heat energy and assume some other form of energy. This is 
the case with the heat employed to melt a piece of ice. 

Or the heat energy imparted to a body may remain as heat 
energy, in which case the temperature of the body rises. 

It was early discovered that, if equal amounts of heat* are 
added to equal masses of different substances, the rise in tem- 
perature is not the same. If to a gramme of lead you add the 
same amount of heat as to a gramme of water, the effect is to 
increase the temperature of the lead 32 times as much as 
that of the water. While the temperatures of equal masses of 
lead and mercury would be almost equally affected by the 
same amounts of heat. 

IIea;t as a Quantity. Unit of Heat 

Since more heat is required to change the temperature of a 
large body than to produce the same change in a small body, 
and since by duplicating any heat-giving process we can con- 
tinue to add equal amounts of heat to a body, it is evident that 
we are entitled to speak of heat as a quantity. And if it is a 
quantity, and measurable, we shall need a unit of heat. For 
this purpose it is customary to use the quantity of heat neces- 
sary to raise the temperature of one gramme of water from O'' to 
1° C.t This unit is called a calorie. 

* Equal amounts of heat have not yet been defined ; but this definition 
is supplied, implicitly at least, in the following paragraph, where we 
define unit quantity of heat. 

t It has been suggested by Mr. E. H. Griffiths that, in order to make 
the mechanical equivalent of heat (p. 215) almost exactly 42 million 



210 THE ELEMENTS OF PHYSICS 

Definition of Specific Heat 

247. The ratio between the amount of heat required to raise the 
temperature of any body one degree and that required to raise the 
temperature of an equal mass of water one degree, is known as 
the specific heat of the body. 

The numerical value of the specific heat of any substance 
will be the quantity of heat (number of calories) required to 
change the temperature of one gramme of the substance by one 
degree. 

Let us denote by Q the quantity of heat added to a body 
whose specific heat is C; let ti be the initial and ^2° the final 
temperature of the body; accordingly the change in tem- 
perature produced by Q will be ^2° — ^1°. 

Then 

(7 = r 2_1 Dfjlning eq for ^ g, 

\ f o * o . . »pectjic heat at t°. ^ ^ 

becomes the defining equation for specific heat at t° where 

V. Measurement of Heat 

248. We know from experience that twice as much heat is 
required to change the temperature of 200 grammes of lead as 
is required to change, by an equal amount, the temperature of 
100 grammes of lead. We have also seen that by definition 
the amount of heat required to change the temperature of any 
substance varies directly as the specific heat of that substance. 
Furthermore, the amount of heat required to alter the tem- 
perature of a body varies directly as the amount of the change 
in temperature. 

Other than these three things, there is nothing upon which 
the amount of heat depends, provided what we have called the 
molecular state of the body is not changed. 

ergs per gramme degree, we should define the unit of heat as follows, viz. 
the quantity of heat necessary to raise the temperature of one gramme of 
water from 10" to IT C. 
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Let H = heat added * £o (or taken away from) a body. 
m = the mass of the body, 
c = its specific heat. 
?2° — ^1° = its rise (or fall) in temperature. 
Then we may re-state, as follows, the facts just mentioned : 

Hqcc, 

Hence H = kmC («2° - h^), 

where k is some constant yet to be determined. 

But we have already agreed, in our definition of C, that C 
shall be numerically equal to H when m = l and ^2° — ^1° = 1- 

Hence k = l 

and we have as our final summary 

H = mC ^2"" - t,°). 

This equation contains two quantities which, in general, are 
unknown and which are not directly measurable : one of these 
is H, the other is C. Hence we need another equation involving 
H OT C before we can determine a7iy of the quantities involved 
in it. 

One way in which we may obtain a second equation is as 
follows: Take the body, of mass m, which we have been con- 
sidering and immerse it in a body of water of mass m„. We 
then know that whatever heat, H, the body loses, the water 
will gain. And since the specific heat of water is, by definition, 
unity, 

* It should be carefully observed that in physics we have to deal almost 
always with the heat added to or taken away from a body ; almost never 
with the total amount of heat in a body , for concerning this latter we 
know next to nothing. 



212 THE ELEMENTS OF PHYSICS 

where H has the same value as in the. preceding equation, and 
^w ° — ^ir ° is the rise (or fall) "in temperature of the water. This 
equation enables us to compute H. 

Since the temperatures and mass of the water are easily 
measured, if m„ is measured in grammes and t„° — t„° in 
degrees centigrade, H will be expressed in calories. Or, b^ween 
the two equations we may eliminate H, and obtain 

which is a practical laboratory equation for the determination 
of specific heat. In the laboratory it will generally be found 
convenient to make the final temperatures the same for the 
body and the water in which it is immersed, i.e. t2 = t„ °. Let 
us denote this final temperature by 6 ; then 

77J, (Q — f; °\ Laboratory Eq. 
C = - ^\ "' ^ for speJi^c Eq.34A 
m (ti — 6) heat. 

Heat of Fusion 

249. It has been found by experiment that a definite amount 
of heat is required just to melt one gramme of a substance, i.e. 
to change it from a solid to a liquid without changing its tem- 
perature. This quantity of heat is, in general, different for 
each different substance, and is called the Heat of Fusion of the 
substance. For the last hundred years, this quantity has been 
known as the "Latent Heat" of the substance. This name is, 
however, rather misleading; for, as we shall presently see, it 
is exactly during the present century that men have learned that 
heat is a form of energy which, when employed to melt a body, 
disappears as heat of any kind, and assumes some other form 
of energy concerning which we know comparatively little. 

If H calories be required just to melt m grammes of any 
substance, the heat of fusion of this substance, F, is measured 
as follows : 

7P— TT/^ Defining equation for jp qj^ 



THEORY OF HEAT 213 

In the case of ice, the heat of fusion is found to be very 
nearly 79 calories per gramme. 

Heat of Vaporization 

250. In a strictly analogous manner, experiment shows that 
it takes a deRuite amount of heat just to change one gramme of 
any liquid into vapor without changing the temperature. This 
quantity, for any particular substance, is called its Heat of 
Vaporization. 

In the case of water boiling under standard atmospheric 
pressure (760 millimetres of mercury), it is found that 536 
calories are required to evaporate one gramme without chang- 
ing its temperature. The heat of vaporization of water is, 
therefore, said to be 536 calories per gramme. 

VI. The Nature op Heat 

251. What, after all, is this something we call heat ? What 
is this which changes the size or pressure of a body, alters its 
temperature, melts and vaporizes it ? 

Up to the beginning of the present century it was thought 
to be a form of matter, something like air, only of much 
greater tenuity, and without appreciable weight. It was con- 
sidered so thin that it would penetrate solid bodies with the 
utmost ease. This substance was called "caloric." ' 

That no such substance exists was proved by the joint 
labors of Count Eumford,* Sir Humphry Davy,t and Mr. 
James P. Joule.J The enticing history of this subject must 
be left for the advanced student, while we pass to the con- 
sideration of the experiments by which Joule, about the mid- 

* Bumford (b. 1763, d. 1814). By birth, an American ; by residence, 
an Englishman and a German successively. His most interesting experi- 
ments were performed while he was in charge of the Royal Arsenal at 
Munich. 

t Davy (b. 1778, d. 1829), an English chemist. 

} Joule (b. 1818, d. 1889), an English physicist. 
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die of the century, discovered tiie exact relation between Heat 
and Dj/namics. 

He arranged a paddle-wheel in a vessel uf water in such a 
way that tlie ptuldle-wheel could be kept in rapid rotation by 
means of a descending clock-weight By placing a thermometer 
in the water, he found that the more the water was stirred, llic 
warmer it became. But, what is more important, he lueaaurt-d 
the work done by the deacending weight and the corresponding 
heat produced by the paddle turning in the water, and found that 



In every case the ratio between these two quantities was the same. 

Let us denote by W the work done in raising the mass m 
(Fig. 131) through the height ft; then 

W= mgh. 

Barring a slight correction for friction at the bearings, this 
is also the amount of work which the descending weight does 
on the paddle-wheel. 

Let ua denote by M the mass of the water stirred, and by 
'a° — '1° the rise in temperature produced by the stirring. 
■ Tlien the heat acquired by the water, H, is 
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The capital discovery of Joule was that for every unit of 
mechanical energy which disappears as the weight descends, a 
definite and constant quantity of heat appears in the stirred 
water ; i.e, H is proportional to W, 

In terras of algebra, 

W ^ m^fe ergs ^j^^ ^^^^^^^^ 

H M{t2° - h°) calories 

By the use of this equation. Joule determined the numeri- 
cal value of this constant, J, and found it to be very nearly 
42,000,000. 

252. The physical meaning of this constant, which is called 
the Mechanical Equivalent of Heat, is as follows, viz. 42 million 
units of work must be done in order to produce one unit of heat ; 
in like manner, when one calorie of heat disappears, some other 
form of energy equivalent in amount to 43 million ergs of work 
always appears. 

The inference, then, is, since work disappears as heat ap- 
pears, and vice versa, that heat is a form of energy. The prin- 
ciple expressed in the equation 

W= JH Eq, 36 

is known as the First Law of Thermodynamics. The trans- 
formation of heat into forms of energy other than mechanical 
will be discussed in following chapters. 

Having shown heat to be a form of energy, we see that the 
first law of thermodynamics is merely a special case of the Con- 
servation of Energy. 

PROBLEMS 

1. Explain how one can warm his hands by rubbing them together. 

2. Explain the fact that a piece of iron is heated by hammering. 
What kind of energy is here transformed into heat? 

3. Explain the fact that when a piece of copper wire, at any point, is 
rapidly bent first in one direction, then in the other, it becomes hot 
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4. How is it that when the tire of a bicycle is being pumped up, 

(a) the barrel of the pump becomes warm ? 

(6) the rubber hose connecting the pump and the tire becomes warm ? 

6. At a place where the acceleration of gravity is 980, a bullet whose 
mass is 8 grammes is allowed to fall from a height of 1000 centimetres. 
What will be the kinetic energy of the bullet in ergs just before it strikes 
the ground ? To what fraction of a calorie will this mechanical energy 
be equivalent ? Arts. 7840000 ergs = 0.186 calories. 

6. Suppose, in the preceding problem, that when the bullet strikes the 
ground one half its kinetic energy goes to heat the bullet, the other half 
to heat the ground. If the specific heat of lead is ^\y, by how much will 
the temperature of the bullet be raised ? Ans. 0°.34 C. 

7. (a) The height of the American Falls at Niagara is 60 metres. 
How much kinetic energy will a gramme of water acquire in falling 
through this distance ? (gr = 981.) Ans. 4905000 ergs. 

(6) What will be the equivalent of this energy in heat units ? 

Ans. 0.117 calories, 
(c) By how much then will the temperature of the water at the bot- 
tom be increased over that at the top ? Ans. 0°.117 centigrade. 

8. To raise a mass of 10 pounds through a vertical distance of 8 feet 
(80 foot-pounds) requires how many ergs of work ? Ans. 1079 million ergs. 

VII. Applications. Heat Engines 

253. We have seen how Joule transformed mechanical en- 
ergy into heat by means of his raised weight and paddle. The 
steam engine is a machine devised to accomplish the reverse 
operation, viz. to transform heat into mechanical energy. 

The essential features of the ordinary steam engine are the 
following : 

1. A boiler, H, in which heat, furnished by combustion of 
fuel, is employed to evaporate water. 

2. A cylinder, (7, in which slides a close-fitting piston head, 
P, and a piston rod, R, as indicated in Fig. 132. 

3. A steam chest, S, containing a slide valve, as shown in 
Fig. 134. 

4. A crank and connecting rod by which the to-and-fro mo- 
tion of the piston rod is transformed into a circular motion of 
the shaft and pulley. 
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The principle o£ the steam engine is moat easily understood 
from the diagcaiu in Fig. 132 ; tlie actual working parts of a 
modetn engine are represented in Fig. 133. 




In Kg. 132 A' and B' are valves which serve to connect or 
disconnect the cylinder and the boiler. In like manner A and 
B are valves which serve to connect or disconnect either end 
of the cylinder with the open air. 

Let us imagine that the water in the boiler has been heated 
until the enclosed steam is exerting considerable pressure. 



With the piston in the position shown in the figure, imagine 
the valves A and A' to be opened at the same time. Steam 
will rush in at the right of the piston head and will push it 
to the left 
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If now A and A* are ^itesed, while B and B' are each opened, 
the steam at the right-hand end of the cylinder will escape to 
the open air ; fresh steam from the boiler will rush through B 

and drive the piston 

^ I m back to the other end of 

the cylinder. B and B' 
are now closed while A 
and A' are again opened ; 
the piston is again 
driven to the left; 
and so indefinitely. 
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If only we had 
a means of opening 
and closing these four 
valves automatically, 
the whole process would 
be smoother, more sim- 
ple, and more economi- 
cal. And this is exactly 
the function of the slide 
valve (Fig. 134). 

The steam from the 
boiler always enters at 
Dj and escapes to the 
open air through the 
pipe Ef which is called 
the escape pipe. 

The pipes A and B 
connecting the steam 
chest and cylinder are 
called ports ; they serve 
alternately to let the steam in and out of the cylinder. 

As will be seen from the two accompanying figures, the slide 
valve is worked to and fro. At one end of its stroke it con- 
nects A with E and B with D\ the piston is then driven to the 




Fig. 1 34. — Slide valve shown in two typical 
positions. 
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left; at the other end of the stroke, A is connected with D 
and B with E. The piston is then driven to the right, as 
indicated by the arrow. This motion of the slide valve is pro- 
duced by a crank or an eccentric on the shaft, which is driven 
by the piston ; consequently the machine is automatic. 



\. In marine engines (and in some others also) the ex- 
haust steam is collected, condensed into water, and again 
returned to the boilers. The same water is thus used over 
and over again. The steam is not used up, but is merely a 
" working substance," a carrier to transfer the energy of the 
combining coal and oxygen in the furnace to the machinery 
which is doing mechanical work. 

The student who would know more of the history or the 
theory of the steam engine should consult the very readable 
article of Professor Ewing on this subject in the Encydopcedia 
Britannica; also the biographical sketch of James Watt, there 
given. 
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CHAPTER VIII 

MAGNETISM 

Any body which attracts iron filings is said to be 
magnetized, and is called a magnet. 

One kind of iron ore is found to be already magnetized as it 
comes from the earth. If a piece of this ore (which mineral- 
ogists call magnetite or lodestone) be dipped into a box of iron 
filings, it is seen that certain regions of it attract the filings 
very strongly, while the remaining parts attract scarcely at all. 

Those parts which attract the iron filings most strongly are 
called magnetic poles. 

Leading Facts of Magnetism 

267. The following nine facts, presented in essentially the 
order in which they were discovered, are the most important 
phenomena connected with this subject. 

1. If a piece of magnetized iron or a piece of lodestone be freely 
suspended, it will always set itself so that a certain direction in 
it makes a fixed angle with the geographical meridian ; i.e. with 
the north and south line. 

Tlie Mariner^s Compass 

258. This fact is illustrated by the ordinary compass and 
constitutes its fundamental principle. A long, slender piece of 
steel is magnetized by drawing it over another magnet or lode- 
stone, and is then mounted on a sharp pivot so that it is free 
to turn in any direction. This idea of the compass, which 
dates from a time certainly not much later than 1200 a.d., is the 
first important discovery in the science of magnetism. 
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In the case of a long, slender magnet, such as is used for a 
compass needle, there is, in general, one pole near each end. 
That pole which turns toward the north, when the magnet is 
free to rotate, is called the north-seeking pole, or simply the 
north pole ; that pole which turns toward the south is called 
the south pole. 

The direction of the line joining the poles is called the axis* 
of the magnet. 

The direction assumed by the axis of a freely suspended 
magnet is called the magnetic meridian. 



MAGNETIC 
MERIDIAN 



GEOGRAPHICAL 
MEniOIAN 



259. 2. The discovery of Columbus. Columbus used the 
compass on his first voyage to America. Up to this date it 
had been supposed by European navi- 
gators that while the suspended mag- 
net in the compass did not always 
point exactly north and south, it did 
always point in the same direction; 
I.e. they supposed the angle between 
the geographical and magnetic me- 
ridians to be constant. But Colum- 
bus, much to his astonishment, found 
that as he proceeded west, the needle 
pointed to a part of the sky which 
lay more and more to the west. 

The angle between the magnetic 
and geographical meridians is called 
the magnetic declination. It is gener- 
ally expressed in degrees, minutes, 
and seconds. 

What Columbus discovered, then, was that the magnetic 
declination varies from one point to another on the earth's surface. 
This we may call the second important discovery in magnetism. 

*The advanced student will find that this definition of "axis" will 
later need a slight revision, since the poles have not been defined as 
mathematical points. 




Fig. 135. 
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The Magnetoscope 

260. In the laboratory one has frequently occasion to 
use a compass needle of some sort. A most convenient and 

easily prepared form is the following : 
A wooden block about one decimetre 
square is bored halfway through by 
an auger (extension bit), which has 
the same diameter as the glass chim- 
ney of an Argand lamp. The chimney 
is then waxed into the block, and a 
small steel magnet is suspended by a 
fibre through a cork at the top. Such 
an instrument is not disturbed by 
currents of air in the room. It is called a magnetoscope. 
Why? 




Fig. 136. —Simple form of 
magnetoscope. 



261. 3. The magnetic dip. Not long after the time of Colum- 
bus it was found by Hartmann (b. 1489, d. 1664) that if an 
iron needle be suspended so as to 
lie horizontal before magnetization, 
it takes up a different position after 
magnetization. Imagine the needle 
before it is magnetized to be hori- 
zontal. After magnetization it is 
found that the north end "dips" 
down as if it had become heavier 
than the south end. But Norman 
(1576), the inventor of the dip- 
ping needle, represented in Fig. 
137, weighed the iron needle, and 
found that it was no heavier after 
magnetization than before. As we 

shall see later, this dip is due to ^'^' 1 37. -Dipping needle. 

the fact that the earth itself is a great magnet. Only the 
direction, therefore, and not the weight, of the needle is changed 
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by maKnetizatioD. In the southern hemisphere it is the south 
eud of the magnet which "dips." 

In the United States it is customary to attach a small weight 
to the south end of a surveyor's compass needle in order to 
counteract the effect of the dip. 

The phenomenon of magnetic dip might be called the third 
important discovery in this subject. 

262. 4. Like poles repel each other ; unlike poles attract each 
other. The evidence for this may be shown in a variety of 
ways ; perhaps the most convenient method is the following : 

Mount two magnets, as shown in Fig. 138. Determine the 
north end of each, and slip bits of paper over them as indi- 



Fig. 138. — Showing atracllonbelween north >iidsoulh poles. 

Bated. When one magnet is brought near the other, the repul- 
sion between the two north poles or between the two south 
poles is very evident ; likewise the attraction between a north 
and a south pole. 



Norman magnetized a sewing needle and floated it on water. 
By bringing into the neighborliood another magnet, he had a 
delicate means of showing attraction and repulsion of the poles. 



224 THE ELEMENTS OF PHYSICS 

The Magnetic Field, Lines of Force 

263. If a sheet of white paper be laid over a magnet, and 
iron filings be sprinkled over the paper, one obtains very strik- 
ing evidence that the region about the magnet is very different 
from other parts of space. The iron filings arrange themselves 
in curved lines ; and these curved lines remain the same, how- 
ever many times we repeat the experiment. 

" We next introduce a method of conceiving and describing 
magnetic actions which was invented and much used by Fara- 
day. Since a magnet acts upon a magnetic needle placed any- 
where in the surrounding space, we call that space the magnetic 
field of the magnet. Neglecting the earth's magnetism, we 
may map out this field as follows : Conceive any plane drawn 
through the axis of the magnet and place it so that this plane 
shall be horizontal. Then, at any point in this plane, place 
a very small magnetic needle, and note the direction which 
its axis assumes under the action of the magnet ; then proceed 
to move the centre of the needle in the direction in which its 
north pole points, and continue the motion so that at each 
point the centre is following the direction indicated by the 
north pole. 

" The line thus traced will at last cut the surface of the 
magnet at some point lying toward the south pole ; and if we 

continue the line back- 
ward by following the 
direction continually in- 
dicated by the south pole 
of the needle, it will cut 
the surface of the mag- 
net at some point lying 
toward the north pole. 
Such a line is called 
a line of magnetic force; and since one such line can be 
drawn through every point in the plane and any number 
of planes can be drawn through the axis of the magnet, 




Fig. 140. — Method of mapping magnetic fields. 
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we can conceive the whole magnetic field filled with such 
lines." — Chrystal, Ency, Brit, Art. " Magnetism." 

Figure 140 indicates the process of mapping these fields. 
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Fig. 141. — Field about a straight magnet. 

Figure 141 shows the field about a strong bar magnet. The 
effect of the earth's field is here negligible. 

Figure 142 represents a small portion of the field due to the 
earth alone. 




Fig. 142. — Uniform magnetic field due to earth alone. 

A magnetic field as actually mapped in the laboratory will 
always be the resultant of the earth's field and the field of the 
magnet. 

'264. 5. The earth itself a great magnet. We have seen that 
at any one point on the earth's surface the compass needle 
points in a definite direction, generally not far from north. 
We have seen that, in the northern hemisphere, the north 
end of the needle dips ; while in the southern hemisphere, the 
south end dips. 

But this is exactly the manner in which a small compass 
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needle would behave in the presence of a large iron sphere 
which had been magnetized. Accordingly Dr. Gilbert* was 
led to suggest that the earth itself was a large magnet. And 
since his time this theory has been confirmed by navigators 
who have located the north magnetic pole of the earth not far 
from Baffin's Bay, and the south magnetic pole somewhere 
between Australia and the south geographical pole. 

If we map the magnetic field of the earth by means of com- 
pass and pencil as indicated in the preceding paragraph, we 
shall find that the lines of force due to the earth are, in any 
limited region, practically parallel. 

265. 6. The earth's action a couple. In a preceding chapter 
(p. 12) we have considered the distinction between a motion 
of translation and one of rotation. To a system of forces which 
produces rotation only, the name couple has been given. Nor- 
man oifered the following three experiments to show that the 
earth does not ezert any force of translation upon a magnet, or, as 
we might say, three reasons for thinking that the force which 
the earth does exert upon a magnet is a couple. 

" First, he weighed several small pieces of steel in a delicate 
balance, and then magnetized them, but could not detect the 
slightest alteration in their weight, ^ though every one of them 
had received virtue sufficient to lift up his fellow.' 

" Secondly, he pushed a steel wire through a spherical piece 
of cork, and carefully pared the latter so that the whole sank 
to a certain depth in a vessel of water and remained there, 
taking up any position about the centre indiiferently. After 
the wire was magnetized very carefully, without disturbing its 
position in the cork, it sank to the same depth as before, 
neither more nor less, the only difference being that now the 
wire set itself persistently in a definite fixed direction parallel 
to the magnetic meridian, the north end dipping about 71° or 
72° below the horizon. 

* Dr. William Gilbert (b. 1540, d. 1603), the leading man of science in 
England during the reign of Queen Elizabeth. 
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" Thirdly, he arranged a magnetized needle on a cork so as 
to float on the surface of water, and found that, although it 
set in the magnetic meridian, there was not the slightest ten- 
dency to translation in any direction. 

" He concludes that there is no force of translation on the 
magnet, either vertical or horizontal." 

— Chrystal, Eiicy. Brit, Art. " Magnetism.!' 

266. 7. Magnetic quality disappears at red heat. Any sub- 
stance which is attracted or repelled by a magnet is said to 
possess magnetic quality. It has been found that the only sub- 
stances which exhibit magnetic quality to any great extent are 
iron, nickel, and cobalt. Iron is the only really important 




Fig^. 143. — Disappearance of magnetic quality at red heat. 



magnetic substance known. But if a piece of iron or steel be 
magnetized and then heated until red hot all over, it will be 
found to have lost its magnetization. As soon as the iron has 
cooled again, however, it will be found to have regained its 
magnetic quality, for it will now attract either end of a com- 
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pass needle. There is, then, a marked difference between a 
piece of iron which is magnetized and one which is not. The 
iron which is not magnetized still possesses magnetic quality at 
all ordinary temperatures ; but it does not possess any magnetic 
poles or any magnetization. 

The evidence for thinking that magnetic quality disappears 
at high temperatures is simply shown as follows. Suspend a 
small piece of iron wire, AB, say five or six centimetres long, 
in a pair of copper stirrups, as indicated in Fig. 143. A 
magnet, NS, brought near and placed on a block or stand, will 
at once attract the end B to itself, as indicated by the dotted 
lines. Now heat AB with a Bunsen flame : as soon as the iron 
becomes a bright red it will swing back into its position of 
equilibrium, showing not only that it is not a magnet, but also 
that it no longer has magnetic quality. 

267. 8. Magnetization a molecular property. The evidence 
furnished by the j)receding experiment, together with the fact 
that a magnet — say a piece of magnetized watch spring — may 
be broken into an unlimited number of pieces (Fig. 144), each 

N S| 
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Fig. 144. — A piece of magnetized watch spring broken into fragments, each fragment 

remaining a complete magnet. 

of which remains a complete magnet, with north and south 
pole, leads us to think that, whatever magnetism may be, it is 
something which belongs to the smallest particles of which 
the body is made up. 

The experiment of breaking up the magnetized watch spring 
should be tried by each student for himself. The fragments 
are easily examined by use of the magnetoscope. 

A tube of iron filings represented in Fig. 145, may be mag- 
netized by placing it across the poles of a strong permanent 
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magnet.* It may be again demagnetized by shaking. And 
it is not improbable that when we heat a magnet red hot 
we produce such violent motions in its smaller parts as to 
continually "shake out" any magnetization that might be 
introduced. 

N S 

Fig. 145. —A tube of iron filings magnetized. 

A long wire of soft iron — say 70 centimetres in length and 
one or two millimetres in diameter — may be strongly magnet- 
ized; but if it receive even a slight jar, its magnetization will 
almost entirely disappear. This also would lead us to think 
magnetization not a property of the surface of the body, nor of 
the body as a whole, but of its innermost structure ; that is, its 
molecular structure. 

This we may call the eighth important discovery in magnetic 
science. 





9. The phenomena of magnetic induction. If we bring 
a piece of soft iron near a magnet, we shall find that the iron 
acquires magnetic poles ; i.e. it exhibits magnetization as well 
as magnetic quality. 

A wire nail is made 
of soft iron, and hence 
shows this phenomenon 
very easily, as indicated 
in Fig. 146. 

If the iron nail be 
tethered at its lower end, 
it will remain suspended 
in mid air. That it is a 



^^3=ci=r:^ 



Fig. 146. — A wire nail becomes a magnet when 
brought into a magnetic field. 



magnet is at once shown by the fact that its lower end will 
attract small nails or iron filings. 

* For strong permanent magnets those employed by Mr. Weston in his 
voltmeters and ammeters are unsurpassed. They may be had of the 
Weston Electric Co., Newark, N.J., at small cost. 
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A wire nail held near either end of a magnetoscope will 
attract the needle. But if the magnet, NS, be brought up 
near the nail, the latter will attract one pole of the magneto- 
scope and repel the other. 

One of the very best illustrations of magnetic induction is 
the following : Take a strip of " tin," so called (which is really 
sheet iron plated with tin), having dimensions something like 
1 inch by 12. 

If this strip has not been magnetized, either end of it will 
attract the north pole of the needle in a magnetoscope. Next 
hold the strip with one end down and bend it to and fro 
sharply between your thumb and forefinger at various points 
throughout its length. On examining it with the magneto- 
scope it is observed that the end which has been held down in 
the earth's field now repels the north pole of the needle. The 
bending apparently gives freedom to the particles of iron, and 
they probably arrange themselves in a new way under the 
influence of the earth's field. If now the other end of the 
strip be held down during the bending process, the poles of 
the strip will be reversed. Explain this by a diagram. 

To magnetize a piece of iron, therefore, we need not touch it 
with a magnet ; we need only bring it into the neighborhood of 
a magnet, i.e. into a magnetic field. 

This process is called magnetic induction, more properly mag- 
netization by induction. It is here all-important to note that 
the original magnet loses none of its own magnetism by in- 
ducing magnetism in another 
body. 

If we assume that a magnet 
is made up of small particles, 
or molecules, and that each 

Fig. 147. -Probable arrangement of par- particle is a magnet, then the 
tides in a piece of ordinary iron. -^ „ . . 

phenomenon of magnetic in- 
duction is easily explained as follows: A piece of iron is 
made up of molecular magnets which are arranged in no par- 
ticular order, arranged, in fact, in the utmost disorder, as 
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indicated in Fig. 147. But when this iron is brought into a 
magnetic field, — when, for instance, it is brought near a mag- 
net, — the north poles of these little magnets will each tend 
to point in a definite direc- 
tion; and the south poles 
each in an opposite direo- w 
tion. The result will be 
that the little magnets will 

be brought more or less into ^^^' 1*8- -Probable arrangement of parti- 
. cles in a piece of magnetized iron. 

line, producing a north pole 

at one end of the iron and a south pole at the other, as indi- 
cated in Fig. 148. The iron is then said to be magnetized by 
induction. All magnets, in fact, are produced by induction. 

Hie Electromagnet 

269. "By far the most important case of magnetic induc- 
tion is the electromagnet. Whenever an electric current flows 
in a closed circuit, the surrounding space becomes a field of 
magnetic force, and any piece of iron in it will become induc- 
tively magnetized. Such an arrangement of an electric circuit 
and iron is called an electromagnet. The variety of form and 
application of such instruments in modern science is endless." 

— Chrystal, Ency, Brit., Art. " Magnetism," p. 226. 

270. Summary of Leading Facts concerning Magnetism 

1. A magnet, free to rotate, sets itself in a definite direction. 

2. The direction of the magnetic meridian varies from one 
point to another on the earth's surface. 

3. In the northern hemisphere, the north end of a compass 
needle dips down ; in the southern hemisphere, the south end 
dips down. 

4. Like magnetic poles repel each other ; unlike attract. 

5. The earth itself is a great magnet. 

6. The earth's action on a magnet is a couple. 
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7. Magnetic quality disappears at red heat. 

8. Magnetization is a molecular property. 

9. Bodies may be magnetized by induction. 

Referenoes on Magnetiom 

Perkins. — Electricity and Magnetism (Henry Holt & Co.), Chapters 
VIII and IX. 

Stewart and Gee. — Practical Electricity and Magnetism, Vol. II, pp. 
19-26. 

Ency. Brit. — Art. *' Compass." Should be read by every one. 

Chrtstal. — Art. '* Magnetism," Ency. Brit. 

Henderson. — Practical Electricity and Magnetism, Chapter VI. A 
modern and valuable guide for advanced work in the laboratory^ 

EwiNG. — Magnetization of Iron and Other Metals. Undoubtedly the 
best treatise on the subject in the English language. 



CHAPTER IX 

ELSCTROSTATICS 

271. If a sheet of dry writing paper held against the wall 
be given a few quick flaps with a piece of flannel, the paper 
will adhere to the wall quite strongly. The rubber handle of 
a fountain pen, when rubbed over the sleeve of one's woollen 
coat, acquires the property of attracting small bits of paper or 
wood : glass rubbed on silk behaves in the same way. 

The substance earliest found to have this property was a 
fossil resin (ordinary amber) found on the shores of Greece.* 

These facts have been known ever since the time of Thales, 
600 (?) B.C. ; and for two thousand years following him they 
constituted practically the whole of electric science, barring 
some knowledge of lightning and the electric eel, which no 
one then imagined to have any connection with the amber 
phenomenon. 

Bodies that have acquired this property of attracting small 
bits of paper are said to be electrified, or to have an electric 
charge. 

First Law of Electrostatics 

272. In more recent times, however, it has been found that 
any two different substances when rubbed together, or even 
when brought into contact, become electrified. 

But before we can examine the evidence for this statement 
it will be necessary for us to devise some means by which we 
can detect the presence of an electric charge. One method is 

* The Greeks called this resin electron (ri\€KTpov). And hence later 
Dr. Gilbert called this phenomenon electric^ and gave us our word elec- 
tr icily. 
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that indicated above, viz. the attraction of bits of thread or 
straw; but this is not a very sensitive test: much smaller 
charges can be detected by the gold-leaf electroscope, an instru- 
ment which we shall now describe. 




The Electroscope and Proof Plane 

273. This device is essentially a metal rod supported on 
glass, and carrying two leaves of aluminium or gold foil sus- 
pended from its lower end, as shown in Fig. 149. 
If, now, any electrified body be brought into 
contact with the knob K or, as we shall see 
presently, even into the near neighborhood of 
Kf the leaves of gold foil will diverge. If 
the body is not electrified, the leaves will not 
diverge. 

We have thus a simple and fairly delicate 
means for detecting electric charges. The theory 
of the electroscope we shall consider presently. 
Try touching the tip of a camePs-hair brush 
on the table top and then to the electroscope. 
Kub the brush gently over your hair and again 
bring it to the electroscope. Since electrification is produced 
by such slight means, we are led to think that any two dif- 
ferent substances brought 
into contact become electri- 
fied. This is possibly the 
most fundamental fact of Q" 
electrostatics, and may be 
called the First Law of Elec- 
trostatics. 

But we sometimes wish 
to examine the electrifica- 
tion of a body which is too 
large to carry to the electroscope, or of a body which we do not 
wish to move. In such a case, it is most convenient to wax a 



Fig. 149. — Elec- 
troscope made 
of Erlenmeyer 
flask and alu- 
minium foil. 
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Fig. 150. — Proof plane. 
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penny to the end of a glass or rubber rod. (See Fig. 150.) 
We may use the glass rod as a handle, and then by touch- 
ing the penny alternately to the body and to the electroscope, 
we may determine whether or not the body is charged. Such 
a device is called a proof plane. 



Conductors and Non-conductors 

274. A second great discovery in electrostatics was made by 
Stephen Gray in London (d. 1736). He found that when a 
glass rod is electrified by rubbing, the electrification "leaks 
off" if the rod is held in the hand, or supported by cotton 
thread, or metal, or a moistened string of any kind. By con- 
necting an electrified glass rod to a distant point by means of a 
wet string, he was able to transfer the electrification through a 
distance of many metres. 

He found also that if a body containing an electric charge 
were supported on glass or rubber, or suspended by a dry silk 
thread, the charge disappeared very slowly. Those substances 
which lead off the charge quickly are called conductors; those 
which prevent the charge from escaping are called non-con- 
ductors, or insulators. A conductor supported upon a non-con- 
ductor is said to be insulated. But there are some substances, 
such as carbon and most acids, which occupy an intermediate 
position, and can hardly be called either conductors or non- 
conductors. The following list of substances from Perkins's 
Outlines of Electricity and Magnetism, p. 12, is arranged in the 
order of their ability to conduct electricity : 

Substances Rblativk Conducting Powbr 

Silver 1,000,000,000 

Mercury 16,000,000 

Gas carbon 400,000 

Sulphuric acid, dilute 160 

Guttarpercha 0.000,000,000,004 
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Two Kinds of Electrification 

275. A third great discovery was made in electrostatics by a 
French soldier and electrician, Dufay (b. 1628, d. 1739). He 
found that if a light, electrified body, say a pith ball, be sus- 
pended by a silk thread, other electrified bodies behave always 
in one of two ways when they are brought near the suspended 
body. Some charged bodies will attract the pith ball, and 
some will repel it. The electrification which appears on glass 
when rubbed with silk behaves in one way ; the electrification 
which appears on gutta-percha (or a rod of sealing wax) when 
rubbed with flannel behaves in the opposite way. Dufay called 
these two kinds of electrification vitreous and resinous^ respec- 
tively ; but the following names suggested by Franklin (b. 1706, 
d. 1790) are much happier, and have been adopted by the whole 
world : 

Definitions, — 1. That kind of electrification which makes its 
appearance on glass when rubbed with silk is called positive. 

2. That kind of electrification which appears on sealing wax 
or gutta-percha when rubbed with flannel is called negative. 

It will be observed that this definition is a purely arbitrary 
one. The fact of nature is that there are two kinds of electri- 
fication, but which one we shall call positive and which one 
negative is a matter of choice. The scientific world has, how- 
ever, agreed upon the definition given above. 

Figure 151 may aid the student to bear in mind not only this 
convention, but also Dufay's evidence for thinking there are 
two kinds of electricity. 

It is important here to observe that the pith ball is always 
repelled by the glass rod when it has been charged from the 
glass rod, while it is always repelled by the sealing wax if it 
has been charged from the sealing wax; in other words, like 
electrifications always repel each other. 

We now see why it is that the gold leaves of the electroscope 
always diverge when charged. For whichever of the two 
electrifications is given to the electroscope the leaves will each 
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be charged in the same way, and will, therefore, repel each 
other. It is very important to observe that the electroscope 
gives the same indication, i.e. a divergence, for a positive 
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Fig. 151.-- Differences In behavior of the two electrifications. 

charge as for a negative one. How, then, can we determine 
when we are dealing with a positively charged body and when 
with a negatively charged body ? 

Experimental Distinction between Positive and Nega- 
tive Charges 

276. First charge the electroscope with a known kind of 
electrification, say positive. Then if the positive charge on 
the electroscope be increased, the divergence of the leaves will 
increase; if, however, we give to the electroscope a negative 
charge, the divergence of the leaves will diminish. 

If we know the original charge on the leaves to be positive, 
we will have then no difficulty in saying just what the sign of 
any other charge is ; for if the unknown charge increases the 
divergence, it must be positive, but if it diminishes the diver- 
gence, it must be negative. 

Second Law of Electrostatics 

277. If we assume now that two different substances when 
brought into contact become electrified, and that bodies having 
charges of the same sign repel each other, while bodies 
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having charges of opposite signs attract, the next inquiry is, 
How do these bodies attract (or repel) each other? This 
question, it will be observed, is for electrical charges, exactly 
the same one which Newton asked concerning the behavior of 
pieces of ordinary matter. 

The French physicist Coulomb (b. 1736, d. 1806) answered the 
question for electricity by a series of experiments which are 
difficult to repeat, though very simple in idea. He showed 
that the experimental facts are as follows : 

(1) The repulsive (or attractive) force between two quan- 
tities of electrification (Fig. 152) is directly proportional to the 

product of the two quantities. 
Equal quantities of electric- 
ity can always be obtained by 
exactly duplicating any pro- 
cess which produces electrifica- 
tion. 

(2) The force which one 
charged particle (or a body act- 
ing as a particle) exerts upon 
another varies inversely as the 
square of the distance separat- 
ing the bodies. 

(3) In addition to the above 
two facts discovered by Cou- 
lomb, it was shown by Cavendish and Faraday that the force 
which one charged particle exerts upon another depends 
also upon the material of the non-conductor which separates 
them. This non-conducting material is generally called the 
medium. 

A summary of these three facts, which we may call the 
Second Laiv of Electrostatics^ is more elegantly made in terms 
of algebra, as follows : 

Let e and e' (Fig. 153) denote the electric charges of the two 
particles, r the distance which separates them, and K a quan- 
tity which expresses (measures) the effect of the non-con- 




Fig. 152. 
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ducting medium, then F, the force of e on e', is given by the 
following equation, 

i^ = -^ dynes. Eq. 37 

For a vacuum K is taken as unity. It is very nearly unity 
for air. For ordinary glass, K= 6. For ebonite and parafl&ne, 
K=2. 

The essential thing here is 
to understand that the force 
which one charged particle 
exerts upon another depends 
upon the medium in which 
the particles are situated, as 
well as upon the distance be- 
tween the particles. 

The discovery of Coulomb is sometimes called the Law of 
Inverse Squares. Compare it with the law of universal gravi- 
tation discovered by Newton, p. 86. Place this comparison 
on the blackboard in parallel columns. 

An Electric Field 

278. Since in general a force is exerted upon one positively 
charged body in the presence of another positively charged 
body, it is clear that we shall have to do work upon one of 
these charged bodies if we move it nearer to the other one. 
And, in general, if we move either body in any direction, either 
we shall have to do work upon it, or it will do work for us. 

A region in which work must be done to move an electric charge 
from one point to another is called an electric field. 

TRe intensity of the field in any direction, at any point, is 
measured numerically by the amount of work, in ergs, which 
must be done to move a unit quantity of electricity through 
unit distance in the neighborhood of that point. It may, 
therefore, be measured in the same units, centimetres, grammes, 
and seconds, as are mechanical forces and mechanical work. 
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We have not here space and time to describe the C.G.S. units em- 
ployed in electrostatics; the student who has thoroughly mastered the 
phenomena described in this chapter will then do well to look up in some 
treatise, when occasion demands, the subjects of electrostatic units, and 
Electrical Machines. 

Caution 

279. The student is here warned not to imagine that elec- 
trical forces differ in any respect from the other forces which 
he has studied and will study. They produce the same effects 
upon bodies as gravitational forces, they are measured in the 
same units (dynes) as gravitational forces, and they are no 
more mysterious than gravitational forces. An electrical force 
of 13 dynes acting upon a charged body will produce the same 
acceleration in the body as any other force of 13 dynes. 

A Second Method of Producing an Electric Charge. 

Electrostatic Induction 

280. For charging bodies there are other methods besides 
friction. One of the most interesting of these is the follow- 
ing, which appears to have been discovered by Stephen Gray.* 
He found that one may charge a body, provided this body be 
a conductor, by simply bringing it into the field of another 
charged body. 

Let A (Fig. 154) be a charged body. A tin can on a block 
of paraffine, or a hollow brass sphere supported on a glass 
stem, will answer well. Let B indicate an insulated conductor 
which is not charged. A block of wood covered with lead foil 
and supported on a glass or rubber stem will answer well. 
Bring B into the neighborhood of A — say within three or 
four centimetres of it — and examine B with the proof plane 
and electroscope (p. 234) as follows : 

1. Touch the proof plane to the charged body. A, Carry 
this charge to the electroscope. You will get a distinct sepa- 
ration of the gold leaves. 

* Poggendorff, Geschichte der Physiky p. 839. 
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2. Touch the proof plane to the end of B which is nearest 
A, and carry the charge to the electroscope while the leaves 
still diverge. The divergence of the leaves diminishes, show- 
ing that the charge on this part of B is opposite to that on A. 

Repeat the process until the leaves have completely col- 
lapsed and have again diverged. They are now charged with 
the same kind of electrification that is on the near end of B. 

3. Touch the proof plane to the end of B that is most re- 
mote from A. The leaves begin to collapse again, showing 
that the two ends of B have charges of different signs. 




Fig- 154. —The phenomenon of electrostatic induciion. 

This experiment should always be repeated until the evi- 
dence is perfectly clear for thinking that when an uncharged 
body is brought into the field of a charged body, the uncharged 
body becomes electrified exactly as indicated in Fig. 154, above. 
The charges on B are said to be induced, and the phenomenon 
is called electrostatic induction. 

At this point it is all-important to note that the induced 
charge on B does not at all diminish the charge on A. It is 
produced by means of the charge on A, but not at the expense 
of the charge on A. 

281. Up to this point we have considered each of the con- 
diuitors, A and B, insulated. Imagine now the body B to be 
connected with the earth, which we know to be a good con- 
ductor. We have then 
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An Interesting Special Case. Charging by Induction 

Our conductor B (Fig. 155) has now been very much en- 
larged; indeed, it includes the earth itself. Our body B is 
now at least 8000 miles long. There is, therefore, only one 
end of B which is near enough for us to examine, and at 
this end we find, as before, an electrification which is opposite 
that on A, 
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Fig. 155. — Charging by Induction. 

Suppose now we remove the wire. The body B is again re- 
duced to its former size ; but it will now be charged negatively, 
while A is charged positively. We have thus learned how to 
charge a body without using friction and without diminishing the 
original charge on A. 



Machines have been recently perfected by the joint 
labors of Holtz, Toepler, and Wimshurst by means of which 
one can start with an indefinitely small charge on a body, 
A, and produce an indefinitely large charge on B. These 
machines are based on the simple principles which we have 
just been studying; but they are somewhat complicated in 
their action, and the student beginning physics is advised 
here, as elsewhere, to confine his attention to a mastery of the 
fundamental phenomena and to postpone the consideration of 
complicated applications. 
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Third Law of Electrostatics 




Let us now modify the electroscope, described on p. 234, 
either by fitting it with a hollow metal vessel, as indicated 
in Fig. 156, or by connecting it, by use of 
a light wire, to a hollow insulated vessel, 
as diagrammed in Fig. 157. 

Any charged body introduced into this 
can will affect the gold leaves even more 
than if it were brought up near to the 
electroscope itself; for, indeed, the can is 
now a part of the electroscope. And, what 
is most remarkable, it matters not in what 
part of the can the charged body is placed, 
the effect on the gold leaves is just the same. 

We are now prepared to try the follow- 
ing fundamental experiment. Either line 
the tin can with flannel or introduce into 
it a roll of flannel in such a way that you Fig. i56. — Equality of 
can rub on the flannel one end of a rod of p°^'"^" ^"^ ""^^'^^^ 

cnargfes* 

hard rubber. Observe then that 

1. No effect is produced on the electroscope so long as the 
rubber rod and the flannel are both left in the can. 

2. But if either one be re- 
moved, the gold leaves diverge, 
showing that both flannel and 
rubber rod are charged. 

3. That the charge on the 
rubber is opposite in sign to 
that on the flannel. 

The same series of experi- 
ments may be tried with a 
piece of silk and a glass rod. 
In each case we have two oppositely charged bodies such 
that their combined effect on the electroscope is zero. The 
same phenomenon is observed whatever two bodies are rubbed 




Fig. 157. 
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together. The inference is that whenever we produce by fric- 
tion a certain electric charge, we always produce at the same 
time an equal charge of opposite sign. This is also true in 
the case of induction. If we induce two opposite charges on 
a conductor and then remove the inducing charge, we find 
that the induced charges will just neutralize each other: all 
evidence of electrification disappears, showing that the two 
induced charges are equal and opposite. This general truth, 
expressed as follows, may be called the Third Law of Electro- 
statics. 

When electrification is produced by friction, by induction, or by 
any other means, the positive and negative charges so produced are 
always equal. 

Fourth Law of Electrostatics 

284. It is very interesting to examine, by means of a proof 
plane and electroscope, the various parts of the surface of an 





Fig 1 58. — Electric charge accumulates 
near sharp end of body. 



Fig. 159. — Chai^ resides on out- 
side of conductor. 



irregularly shaped condnotor, such as that represented* in 
Fig. 158. 

The proof plane after being brought once into contact with 
a flat portion of the body, does not produce nearly so great a 
divergence of the gold leaves as when touched once to either 
end of the body. The sharper the end {i.e. the greater the 
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curvature of th.e aurfEice), the greater the charge which the 
proof plane carries away. 

We see from experiments of this kind that the electrification 
is oot ODifonnly distributed over a conductor. The sharper any 
end or point, the more the charge tends to collect there. When we 
examine the inside and outside of a tin cup, in the same manner, 
we find that pi-actically all of the charge resides on the outside. 

In general, it has been found that the manner in which 
electrification distributes itself upon a conductor depends only 
upou the shape of the body and upon the presence of surround- 
ing charges. 

28S To describe each of these various distributions would 
be au Infiuite task ; but we may always be certain that the 
charge on the outside of any closed conductor is distributed in 
such a way tliat it will produce no electric field — no electric force 
— Inside the closed conductor. 

Even in the case of a conductor such as a tin pail which is 
not quite closed, the electrification is very nearly all on the 
outside, and the intensity of the 
electric field inside is very small. 

Accordingly if we wish to pro- 
tect any instrument from electri- 
cal disturbances, we have only to 
place it inside an electrical con- 
ductor which is closed or nearly 
closed. 

Take a small electroscope and 

place it inside a roll of wire 

screen, as shown in Fig. 160. 

If the meshes of the screen are '"'8- '^°~„^ltt"'^wir«°'""^ "" 
reasonably fine, there is scarcely 

any electrical disturbance you can produce outside the screen 
which will affect the sensitive gold leaves inside. 

This great fact that any electrical disturbance outside a 
closed conductor has no effect on the region inside the closed 
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conductor was thoroughly established by Faraday.* We may 
call it the Fourth Law of Electrostatics. 



With this principle in mind, Maxwell suggested that 
the best method for protecting houses from lightning is to place 
them in a network of conductors (Fig. 161), which shall be as 




Fig. 161. — Maxwell's method of protection against lightning. 

nearly as possible equivalent to a closed conductor. Benjamin 
Franklin, in 1760, first suggested the use of single metallic rods, 
connected with the earth, as a means of protection against 
lightning. 

287. Summary of Facts on Electrostatics 

1. Any two different substances become electrified by con- 
tact. (First Latv.) 

2. In a general way, bodies may be divided into two classes 
— conductors and non-conductors, — Gray. • 

3. There are two kinds of electrification — positive and 
negative. — Dufay. 

4. Charged particles (or charged bodies which act as charged 
particles) attract or repel each other with a force which 
(a) varies inversely as the square of the distance, (h) varies with 
the medium, (c) varies directly as the products of the two 
charges. (Second Laiv.) — Coulomb. 

* Michael Faraday (b. 1791, d. 1867), a man whose work in electricity 
outranks that of perhaps any other investigator, in a century distin- 
guished above all others for its achievements in physical science. 
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5. Bodies may be charged by induction, 

6. When electrification is produced by friction, by induc- 
tion, or by any other means, the positive and negative charges 
so produced are always equal. {Third Law,) 

7. A closed conductor shields the region inside of it from 
the influence of any electrical charges on the outside of it. 
(Fourth Law,) — Faraday. 

PROBLEMS ON ELECTROSTATICS 

1. Two small spheres at a distance of 20 centimetres apart, in air, are 
charged with 5 and 3 units of electrification respectively. In what ratio 
would their attraction be diminished by removing one sphere to a dis- 
tance of 50 centimetres from the other ? Ans, In the ratio 4 : 25. 

2. Two small electrified bodies at a distance apart of 8 centimetres 
repel each other in air with a force of 2 dynes. The charge on one 
body is 12 positive units. Find the charge on the other body. 

Ans, 10} units. 

8. A tree is a fairly good conductor of electricity. A cloud charged 
with negative electrification floats above the top of a growing tree. Will 
the tree become charged ? If so, how ? Make diagram. 

4. Two insulated metal spheres of the same size are charged with 11 
units of positive electrification and 7 units of negative electrification, 
respectively. They are then connected with each other for a moment by 
means of a fine wire. What is the effect ? What charges remain on 
each of the spheres ? 

Ans. The 7 units of negative electrification are neutralized by 7 units 
of the positive charge, leaving 4 positive units which are equally divided 
between the two spheres. 

5. A gold-leaf electroscope is charged. I hold near it a metal plate 
connected with the earth. The divergence of the leaves at once dimin- 
ishes. I remove the plate, and divergence increases to its original value. 
Explain this by diagram on blackboard. 

References on ElectrostatiCB 
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recommended for the beginner. 
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Press), pp. 610. Price, $2.60. A rigid mathematical treatment, 
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M. Faraday. — Experimental Besearches, 3 vols. The first volume is 
recommended as the best introduction to electrostatics to be found in 
the English or in any other language. 

G. Chrystal. — Art. "Electricity" in Ency, Brit. Aside from the 
mathematical theory this article contains an excellent historical account 
of the subject. 

Oliver Lodge. — Modern Views of Electricity (Macmillan Co.), pp. 422. 
Price, $1.75. Splendid account of the philosophy of the subject; 
advanced theories are presented in a lucid manner. Should be read 
only by those who are quite familiar v\rith the experimental facts. 
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If two charged conductors be connected by means of a 
wire, it is observed that, in general, the wire and the region 
about it immediately acquire new properties. 

Suppose we choose for our two charged bodies the inside and 
outside coatings of a glass jar, lined on the inside and outside 
with tin foil, as indicated in Fig. 162. On winding a copper 
wire about a sewing needle, as shown in the figure, no effect is 
produced on the needle ; 
but if we take the cop- 
per wire and (handling 
it by means of a glass 
rod) connect one end to 
the positive coating and 
the other to the nega- 
tive, we shall find that 
when the discharge oc- 
curs the needle becomes magnetized ; that is to say, this little 
coil of copper wire has suddenly acquired the ability to mag- 
netize a piece of steel. After the spark has occurred and the 
two conductors are discharged it will be observed that the wire 
no longer has the ability to magnetize steel. A wire which 
possesses this property is said to have an electric current flowing 
through it. 

As we shall presently see, there are many other ways in 
which electric currents may be produced in wires. 

Method of Studying Electric Currents 

289. It will be remembered that in taking up the study of 
magnetism, we examined a number of magnetic phenomena, 

249 



Fig. 1 62. —An electric charge passing along a coiled 
wire magnetizes a sewing needle- 
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and employed a compass needle, or magnetoscope, as it is some- 
times called, to detect the presence of a magnet. It is thus 
not difficult to say whether or not any particular piece of steel 
is a magnet; but it is very difficult to say just what "mag- 
netism" is. 

It is so with electrification; we were able to detect its 
presence very readily by means of the gold-leaf electroscope ; 
though no one has yet been able to find out what "elec- 
tricity" is. What copper or iron is no one knows, although 
very much else is known about copper and about iron. 
"Electricity" is, then, just as mysterious as copper; but no 
more so. 

290. We shall now consider some of the phenomena con- 
nected with electric currents; but, as before, we shall first 
need some ready method of detecting the presence of an ele(>- 
trie current in a wire. When we have once obtained this, we 
shall be in a position to study some of those remarkable prop- 
erties of electric currents which have proved so useful during 
the nineteenth century. 

These will be grouped under three heads, viz. : 

(a) Heating EflFects. 
(6) Magnetic Effects, 
(c) Chemical Effects. 

The Galvanometer 

291. As we have already seen and shall see many times 
again, every wire conveying an electric current is surrounded 
by a magnetic field, which is just like that surrounding a mag- 
net, only the lines of force about the wire have a direction 
different from those about the magnet. 

This magnetic field is such that, if the wire be placed paral- 
lel to a compass needle, the needle will be deflected so that it 
will no longer be parallel to the wire. Such an instrument 
is the one most commonly used to detect the presence of a 
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current, and is called a galvanometer.'^ Etymology of this 
word ? Almost immediately after a current ceases to flow in 
the wire, the magnetic field about the wire ceases to exist, and 



CURRENT 





A 




Fig. 163. — A galvanoscope in which the magnet is movable : while the wire conveying 

the current is fixed. 

the wire no longer affects the compass needle. But practically 
as soon as the current begins to flow, the needle tends to set 
itself at right angles to the direction of the current. 

Or, if the wire is movable, the wire tends to set itself at 
right angles to the compass needle. The student will observe 
that this is merely an- 
other instance of the 
great general fact that 
action and reaction are 
equal and opposite. 

We have seen (page 
224) that a magnet is 
surrounded by lines of 
force, leaving its north 
pole and running to its 
south pole. A simpler 
and much more useful 
statement of the funda- 
mental principle of the Fig. 164.— a galvanoscope in which a part of the 

galvanometer is this : Ty!'"" conveying the current Is movable : while 

° the magnet is fixed. 

Consider any electric cir- 
cuit. I.e. a series of conductors joined end to end so as to form 




* The first galvanometer was a freshly prepared frog's leg, which 
twitched whenever a current passed along the sciatic nerve and muscles 
of the hind leg. 



252 THE ELEMENTS OF PHYSICS 

a closed path. Whenever there is an electric current floTfing 
through any circuity a compass needle in the neighborhood tends 
to set itself so that the greatest possible number of its lines of 
force will pass through the circuit. If a portion of the circuit 
is movable, then this portion will set itself always so as to 
include as many as possible lines of force from the magnet. 
In either case, the electric current announces its presence by 
producing a rotation, i.e. an angular displacement. 

From what precedes, it will be clear that each of these two 
forms of galvanometer indicates a current by the fact that, in 
general, the current exerts a turning moment on the magnet or, 
what amounts to the same thing, the magnet exerts a turning 
moment upon a part of the circuit conveying the current. The 
form of instrument in which the magnet is fixed, and the cir- 
cuit moves, is generally called, after its inventor, a D'Arsonval 
galvanometer. 

Methods of Producing Electric Currents 

292. We next proceed to consider the two most important 
methods of producing electric currents, viz. : 

(a) The method of Galvani and Volta — the so-called Voltaic 
cell. 

(b) The method of Faraday — cutting lines of magnetic 
force. 

293. The simple and well-established facts of the Voltaic 
cell are as follows : 

Conductors of First and Second Class 

At the very close of the last century it was discovered by 
Volta* that all electric conductors can be divided into two 
classes. This division is based upon the following experiments: 

If we make a closed circuit out of several different metals, i.e. 

* Volta, an Italian physicist (b. 1745^ d, 1627). 
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if we make an endless chain in which each link is composed of 
a different simple substance, such as zinc, copper, or iron, we 
see that no electric cur- 
rent is produced. All 
these substances which, 
when joined together in 
any order, as in Fig. 165, 
produce no current, are 
called conductors of the 
first class. 

Volta found, however, 
that if into a circuit such 
as the above he intro- a 
duced one link composed ' 
of a compound substance. 




COPPER 




ZINC 




such as brine (a solution F'g- 165. — Circuits made up entirely of conductors 

Of table salt) or dilute °' '""^ ''''' '**"• 

sulphuric acid or copper sulphate, he then always obtained 
an electric current. Conductors of this kind always undergo 
chemical decomposition when introduced into a circuit contain- 
ing two different met- 
als and always yield a 
current. Volta called 
them conductors of the 




COPPER ZINC 

Fig. 1 66. — Combination of conductors of first and 
second class producing a current. 



DROP OF r«i 1 

^•^ euLpHURic second class. The mod- 

- ACID 

em name for a conduc- 
tor of the second class 
is electroljrte, i.e. any 



substance which is de- 
composed when a current passes through it. Conductors of 
the first class practically include only carbon and the various 
metals. 

Definition of a Voltaic Cell 

294. It has been found by experiment that no two conductors 
when joined together will produce a current so long as they are at 
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COPPER 



6ULPKURIC 
ACID 



the same temperature. We may use any of the three combina- 
tions indicated in Fig. 167, 
but no current will thus be 
obtained. 

When, however, we em- 
ploy three or more conduc- 
tors in series, each conductor 
being made of a different sub- 
stance, and not all belonging 
to the same class, we have 
a combination which will 
always give us a current. 
Such a combination is called 
a Voltaic Cell. 




Fig. 



SOLUTION OF COPPER SULPHATE 

1 67. — No two conductors can act as a 
Voltaic cell. 



A Typical Voltaic Cell 

One of the simplest forms of these cells is the follow- 
ing : Take a strip of sheet copper, say one centimetre by ten : 
solder it, end to end, to a similar strip of zinc. Take a small 
beaker of dilute sulphuric acid, say one part strong sulphuric 
acid to ten parts of water. Complete the circuit by bending 
the copper-zinc strip into a U-shape and dipping the ends into 
the acid, as shown in Fig. 168. Bubbles 
of gas are given off from each metal ; but 
much more freely from the copper. 

Here the zinc and copper are the con- 
ductors of the first class: the dilute sul- 
phuric acid is a conductor of the second [^ 
class. On dipping the metals into the 
acid, what evidence presents itself that the 
acid undergoes decomposition and hence Fig- 168.— Typical voltaic 

belongs to conductors of the second class ? 

Now take two strips, one of zinc and one of copper : immerse 
them in dilute sulphuric acid and connect them by wires to a 
galvanometer, and determine whether or not an electric current 
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is flowing while the gas is being given off. If the strip of zinc 
be thoroughly cleaned and have a little mercury rubbed over it 
until it is thoroughly amalgamated, the gas will no longer be 
given off from the zinc. Under these circumstances it is found 
that the zinc is "eaten up" by the acid. Zinc sulphate is thus 
formed and is dissolved in the solution, which becomes less and 
less acid. The copper remains intact, while hydrogen gas is 
set free at the copper strip. 

These phenomena are summarized by the chemist as follows : 

Zn + H2SO4 = ZnS04 + Hg. 

The student who is familiar with the elements of chemistry will re- 
translate this equation into words as follows : The changes in this cell 
take place in the following proportion, viz. : 65 grammes of zinc unite with 
98 grammes of sulphuric acid to form 16 1 grammes of zinc sulphate and 
liberate 2 grammes of hydrogen. 

Some Definitions 

296. Closed circuit. A series of conductors joined end to end 
so as to form an endless chain is said to be a closed circuit. It 
may or may not have an electric current passing through it. 

Open circuit. When a closed circuit is cut or interrupted at 
any point, it is then called an open circuit. 

Poles. If there be a Voltaic cell in the circuit, the two ends 
thus left free are called the poles of the cell. The pole which 
is connected with the copper plate, or with the plate whose 
electrical behavior is like that of copper toward zinc, is called 
the positive pole. That pole which is connected with the zinc 
plate, or with a plate whose electrical behavior is like that of 
zinc toward copper, is called the negative pole. 

Direction of current. When the circuit is closed by a wire 
joining the positive and negative poles, the direction of the 
current in this wire is said to be from the positive to the nega- 
tive pole. We may hereafter, therefore, speak of the current 
as leaving the positive pole and entering the negative pole. It 
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has been shown by experiment that the direction of the cur- 
rent is the direction in which positive electrification travels. 

Electrodes. We have already seen that at least one member 
in the chain of conductors which makes up a circuit of a 

Voltaic cell must be an elec- 
trolyte, practically always a 
solution. The two conduc- 
tors which connect with this 
liquid are called electrodes. 

That electrode by which 
the current enters the elec- 
trolyte is called the anode; 
and that electrode by which 
the current leaves the elec- 
trolyte is called the cathode. 
In the typical cell Avhich 
we have just studied the 
zinc plate is the anode and 
the copper plate the cathode. Etymology of these two 
words ? 

Battery. A number of Voltaic cells connected together is 
called a battery. 

The eight definitions just given are so frequently and so 
continually used in all departments of electrical science that 
the student should master them here and now, once for all. 



Fig. 1 69. — Various parts of a Voltaic cell. 



297. Three Practical Forms of the Voltaic Cell 

1. The gravity cell. This cell is composed of a copper plate 
immersed in a saturated solution of copper sulphate, and a 
zinc plate immersed in a solution of zinc sulphate, generally 
arranged as indicated in Fig. 170. 

The copper sulphate is somewhat denser than zinc sulphate, 
and hence remains in the lower half of the jar, while the zinc 
sulphate, when carefully poured in, floats on top. Hence the 
name " gravity " cell. 
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One of the chief merits of this cell is, that so long as the 
circuit is open there is not much waste of material taking 
place in the cell. When, however, the 
circuit is closed and the electric current 
begins to flow, we observe that the zinc 
plate grows smaller, that the copper sul- 
phate grows less and less, while the zinc 
sulphate increases and the copper elec- 
trode becomes covered with a coating of 
fresh metallic copper. 




Fig. 1 70. —A gravity cell. 



In the shorthand of chemistry these phenom- 
ena are described quantitatively as follows : 

Zn + ZnS04 -f CUSO4 + Cu = 2 ZnS04 + 2 Cu. 

The metallic zinc has disappeared ; the me- 
tallic copper has increased, at the expense of the copper sulphate. Accord- 
ingly, if such a battery is to furnish a current continuously, it must now 
and then be supplied with a new zinc plate and with a fresh solution of 
copper sulphate. 

This cell is well adapted to work in which small currents are 
needed very frequently or for a long while at a time. 

2. The LeclanchI cell. In this cell the 
two conductors of the first class are zinc 
and carbon ; the electrolyte is a solution of 
ammonium chloride, sometimes called "sal 
ammoniac.'^ With the carbon is mixed 
some dioxide of manganese, and both are 
held in a porous jar or small canvas 
bag. The current easily passes through 
the pores of the jar or the meshes of the 
bag. The carbon plate here evidently 
corresponds to the copper plate of the 
Fig. i7i.-ALeciancheceii. gravity Cell. Here again the zinc is used 

up whenever the poles are joined and 
the current flows. The sal ammoniac also diminishes. Ac- 
cordingly, from time to time, the zinc and sal ammoniac must 
be renewed. 
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The student has probably already asked himself why the 
oxide of manganese is mixed with the carbon. The answer is 
found in the fact that, if carbon alone is used, the carbon be- 
comes covered with a layer of hydrogen gas soon after the cir- 
cuit is closed ; because the ammonium chloride (NH4CI) breaks 
up, giving off ammonia (NH3) and free hydrogen (H). This 
coating of hydrogen makes the carbon plate cease to act like a 
carbon plate and to behave like a metallic plate, tending to send 
a current in a direction opposite to that furnished by the cell. 
The effectiveness of the cell is thus very much diminished, and 
it is said to be polarized. This manganese dioxide uses up the 
hydrogen and keeps the carbon plate clean. The purpose of 
the manganese dioxide is then to prevent polarization. It 
does this by furnishing oxygen which unites with the hydro- 
gen to form water ; and once in union with oxygen the hydro- 
gen is harmless. The Leclanche cell is excellently adapted 
to furnishing a current for a small time, or for intermittent 
use, as is the case of a door-bell or call-bell. It will remain on 
open circuit with still less waste than occurs in the gravity cell. 
3. The storage cell. In this cell the electrodes are of lead and 
lead peroxide, respectively ; the electrolyte is dilute sulphuric 

acid. The lead plate is the 
negative one ; the leadoxide 
is the positive one. When 
the circuit is closed, the 
lead peroxide plate gives 
up a part of its oxygen, 
while the lead plate, the 
negative electrode, becomes 
oxidized, until finally the 
two electrodes become very 
much alike, and the cur- 
rent therefore becomes less 
and less, other things be- 
ing the same. The battery is now said to be discharged. 
For, as we have already seen (p. 253), two electrodes which 
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Fig. 172. —A Storage cell. 
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are alike never give a current when immersed in any one 
electrolyte. 

But in order to put the cell again in good working shape, it is 
necessary only to pass an electric current through the cell in 
a direction opposite to that obtained when the cell was in use. 
This process is known as charging the cell. The charging 
simply restores the oxygen to the positive plate, and removes 
the oxygen from the negative plate, leaving it spongy metallic 
lead. 

The following two features distinguish this from most other 
Voltaic cells : 

(a) The fact that the plates are prepared, i,e. made chemi- 
cally different, by electrical means. 

(b) The fact that they are capable of yielding currents 
which are enormous compared with those from other forms 
of batteries. 

It will be observed that all these three forms of cells have 
this one common feature, viz. they consist of two different 
conductors of the first class, joined in series with one or more 
different conductors of the^second class. 

The Commutator 

29B. In most of our work with batteries, whether in the 
class-room or in the laboratory, we shall 'need to change the 
direction of the current in some part of the circuit. This can 
be done in many ways ; but the device represented in Fig. 173 
is typical of them all. The block, ABCDy is made of wood, 
and has four holes bored about halfway through it. These 
holes, placed one at each corner of a square, act as cups to 
hold mercury. Into the sides of the block are inserted four 
wires, E, F, G, H. Each of these wires connects with the 
mercury in the cup nearest it. The poles of the battery are 
joined to two diametrically opposite cups, say B and 2); the 
wires from the rest of the circuit, say from a galvanometer, 
are joined to the remaining two cups, A and C. 
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For closing the circuit, two short thick copper conductors, 
P and Q, are mounted on a movable block, as shown in the 
figure. These connectors, P and Q, may be placed in the 
mercury cups in such a way as to connect B with A, and 
hence C with D ; or they may be placed so as to connect B 
with 0, and hence A with D. 




Fig. 1 73. — A typical commutator. 

In the one case, the current flows from G to E through the 
galvanometer; in the other case, from E to G through the 
galvanometer. To change the direction of the current in 
the galvanometer circuit, we have, therefore, only to lift the 
top block and rotate it through 90° in either direction. Such 
an instrument is called a commutator. Etymology of this word ? 

To " break the circuit," we have only to lift the top block 
off. Sometimes, therefore, this form of commutator makes a 
convenient key. 

Induction of Electric Currents 

299. We have already seen (p. 224) that the region about 
a magnet is endowed with properties totally different from 
other portions of space. This magnetic field, as it is called, 
does not appear to the naked eye to be different from any 
other portion of space ; but we know that it is different, for 
a magnet brou|[ht into such a field behaves jn a manner pecul- 
iaT'<bf this magnetic field. As has been pointed out, Faraday 
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described such a magnetic field by conceiving it to be filled 
with lines of force — purely imaginary lines — drawn, at each 
point in the field, in the same direction in which the axis of 
a magnet would set itself if placed at that point. The earth 
itself being a great magnet, the whole of the space inhabited 
by tbe human race is a magnetic 
field. The lines of force which 
describe a magnetic field being di- 
rected, i.e. vector, quantities, they 
can be resolved into components 
(p. 7). We accordingly speak 
of the vertical component and ^ 

the horizontal component of the 

earth's field, as represented in Fig. 174, where I represents 
in direction and amount the total magnetic force of the earth 
on any magnet pole ; V represents in direction and amount the 
vertical component of /on the same pole ; and H the horizontal 
component of /on the same pole. 

300. If the preceding is clear, we are now in a position to 
consider the beautifully simple method by which Faraday, in 
the autumn of 1831, first succeeded in producing currents 
without the use of the Vol- 
taic cell and without the use 
of heat. 

If we consider any closed 
circuit (say a piece of copper 
wire bent into the form of a 
circle or square) placed in a 

Fig, l7S.-M.Bn«lc line, of force endo«d nj^gnetic field, WC may think 
by an electric elreuil. ° ' ■' 

of it as eontaming or enclos- 
ing a certain number of lines of force, just as a fence might 
enclose a group of trees. 

In Fig. 175 sis lines of force are represented as being 
enclosed by the wire circle. If by any means the magnetic 
field were made twice as strong, we should represent this 
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change by drawing the lines of force twice as close together, 
80 that now the circle would enclose twelve instead of six 
lines. Or, if the copper circle were carried parallel to itself 
to another region where the magnetic field were not so strong, 
then we should describe this change by drawing fewer lines of 
force through the circle. 

Faraday's discovery was simply this. When, by any means 
whatever, the total number of lines of force passing through any 
circuit is changed, an electric current is produced in that circuit 

Such a current is called an induced current. 



Various Illustrations of Induced Currents 

301. Experiment 1. Connect the terminals of a D'Arsonval 
galvanometer * with a copper wire, so that with the suspended 

coil a closed circuit is formed. 
Take a single loop in this 
circuit, and thrust through it 
one pole of a permanent mag- 
net. Such a magnet carries 
its magnetic field (i.e. its lines 
of force) about with it. And 
when these invisible lines are 
thrust through the loop, we 
observe that for the instant 
a current passes in the gal- 
vanometer. (See Fig. 176.) 

Fig. I76.-An electric current produced by ;j^ ^^ j. . 

s of force through a circuit. J 




thrusting lines 



removing the magnet; a cur- 



• In the presentation of the phenomena of induced currents a fairly 
sensitive D^Arsonval galvanometer, costing from $10 to $35, is great 
economy of time and energy. The Rowland form answers nearly every 
purpose for which a galvanometer is required in the laboratory or in 
demonstration work. It costs from $30 to $35. If, however, such a 
galvanometer is not available, the phenomena can be shown to a large 
class by use of a pair of Weston magnets and a few turns of wire, as 
indicated in Fig. 177. 
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rent passes, but now in the opposite direction. Observe that 
in either case the current lasts only so long as the motion of the 
magnet continues, 

' Experiment 2. Now support the magnet on some conven- 
ient stand, and slip the loop of wire over one end of the mag- 
net. (See Fig. 177.) 
A current is again ob- 
served. If we slip 
the coil off, the direc- 
tion of the current is 
reversed. 

If the loop of wire 
be slipped on and off 

quickly, a current will ^^^- »77.-An electric current produced by moving a 
^ •" , coil in a magnetic field. 

be produced which 

flows first in one direction, then in the other. Such a current 

is called an alternating current. 

From these two experiments, it is evident that it makes no 
difference whether it is the loop of wire or the lines of force 
that are moved. The relative motion of the wire and the mag- 
netic field changes the number of lines of force enclosed, and hence 
produces the current. 

Experiment 3. Since we live on the surface of a large 
magnet, it becomes interesting to see how we must move a 
closed circuit in the earth's magnetic field in order to produce 
an electric current. 

If a large loop of wire be made in one part of a closed 
circuit containing a galvanometer, we have only to hold this 
loop alternately in an east-and-west and in a north-and-south 
vertical plane. When the plane of the loop is vertical and 
north and south, no magnetic lines from the earth pass through 
it ; they pass along each side of it. But if the coil be suddenly 
rotated about a vertical axis so as to be in an east-and-west 
plane, the earth's lines of force will thread through it, and we 
observe in the circuit an induced current. If we rotate the 
coil of wire back into a north-and-south plane, the current is in 
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the opposite direction. If in either of the preceding experi- 
ments we leave the total length of wire unchanged and take 
two turns of wire instead of one, the deflection of the galva- 
nometer is observed to be 
twice as great as before. 

If a coil of wire which 
lies flat on the table (Fig. 
178) be quickly turned over, 
the lines of force passing 
through it will be changed 
by twice the original num- 
ber. For if in the first 
case there were N lines 
passing through in, say, a 
positive direction, when the coil is turned over there will be 
N lines passing in a negative direction, i.e. the change will be 

Experimetit 4. But there are still other ways in which we 
may alter the number of lines of force passing through a 
circuit. We have seen that a wire conveying a current is sur- 
rounded by a magnetic field. If we bring a loop of our 
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Fig. 1 78. — An electric current produced by cap- 
sizing a coil of wire in the earth's magnetic 
field. 



BATTEirr 



KEY 




QALVANOMETER 



Fig. 179. —An electric current produced in a loop of wire by making or breaking a 

battery circuit in the neighborhood of the loop. 

galvanometer circuit near such a battery current, we shall find 
that the magnetic lines from the battery current will in general 
thread through the galvanometer circuit, and will thus produce 
an induced current. In Fig. 179 lines of force marked 3, 4, 6, 
and 7 each pass through the galvanometer circuit as well as 
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the battery circuit. When the motion ceases, the current 
ceases. 

If instead of bringing the loop and the battery current near 
together we simply place the circuits side by side and sud- 
denly open or close the battery circuit, we observe in each case 
an induced current in the galvanometer circuit. To interrupt 
or break the battery current is equivalent to carrying it off to 
a very great distance^ To close the battery circuit is electri- 
cally equivalent to bringing it suddenly into the neighborhood 
of the galvanometer circuit. 

Primary and Secondary Circuit 

302. The two circuits of which we have just been speaking 
are so frequently used in physics that special names have been 
given to them. The one whose current furnishes the magnetic 
lines of force is called the primary circuit; the one in which 
the current is induced is called the secondary circuit. 

The facts of the case may be stated more generally still by 
saying that any variation of the primary current will, in general, 
induce a current in the secondary. For as the amoimt of cur- 
rent in any circuit varies, the number of lines of force about 
that circuit also varies. 

303. It has been found that when the primary circuit is 
wrapped about a core of iron it furnishes an enormously 
greater number of magnetic lines of force than would be fur- 
nished if the current contained only, say, wood or air. This 
is the device which has already (p. 231) been called an electro- 
magnet, and will be described later on p. 279. 

The Transformer 

304. When both primary and secondary circuits are wrapped 
about an iron ring or core, as indicated in Fig. 180, the device 
is called a transformer. Whenever the current in the primary 
circuit, P, is made to vary, an induced current appears in the 



THE ELEMENTS OF PHYSICS 



Beeondary circuit, S. 




Fig. lao.- 



Fsely if a current be passed through 
the circuit S aiid made to 
vary, a cuirent will be 
induced in the circuit P. 
An instrument of this 
kind is in wide use for 
lighting houses by means 
of alternating currents. 
The coil ]' consists, in 
this case, of many turns 
of fine wire while the coil 
S consists of a few turns 
of heavy wire. The result 
is that a small alternating 
current of high pressure 
passed through P in- 
duces a large current of 
low pressure in S. 

Transformers in which 
both coils are wound, one 

Fig. lai.— Tnnsformercoresaremiuleol , r .1, ^t 

a pile of Iron p].t» having thl3 ahape. ^U tOp Of the Other, OU a 

cylindrical bundle of iron 
wires are widely used in laboratories and in medicine. They 
are usually called induction coils. 

The Dvnamo 

305. The dynamo is a machine consisting of a strong elec- 
tromagnet which we may call the primary and a movable coil 
wliiuh we may call the secondary. This movable coil is 
rotated by some mechanical means, such as an engine, so that 
the number of lines of force passing through the coil is con- 
tinually altered. The distinguishing feature of this machine 
— the details of which must be left for the advanced student 
— is that it furnishes its own primary current 

The coil A (Fig. 181 bis), which is rotated in the magnetic 
field, is called the armature: the electromagnet NS, which con- 
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Fig. 181 bis. 



stitutes almost the entire weight of the modem dynamo and 
which furnishes the mag- 
netic field, is called the 
field magnet. The cur- 
rent produced by the 
armature is, in general, 
an alternating current, i.e. 
one which flows first in 
one direction, then in 
the other, changing, per- 
haps, a hundred times a 
second. But sometimes 
this armature is fitted 
with a device, O, which 
changes the connections 
of the armature coils 
with the using circuit 
whenever the direction 

of the current in these coils changes. The result is that the 
cul*rent in the using circuit always flows in one direction, 
although the current in any armature coil is alterflating. 
This device is essentially a commutator, such as we have 
already studied (p. 259), only here the commutator is auto- 
matic. Currents flowing always in one direction are said to be 

direct. 

Thermo-electric Currents 

306. The production of electric currents directly from heat 
— first accomplished by Seebeck in 1821 — is an important and 
interesting subject, but its consideration must be left for the 
more advanced student. 

EFFECTS OF AN ELECTRIC CURRENT 

I. Chemical Effects. Electrolysis 

307. Every one has heard of plating spoons with silver, and 
bicycles and skates with nickel, even if he has never seen the 
process. All of these are instances of the general fact, largely 
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established by Sir Humphry Davy, that when a current is 
passed through a solution, that solution is, in general, broken 
up into two other substances. 

In the first year of the present century, the same year in 
which Volta described the Voltaic cell, it was found by Carlisle 
and Nicholson that a current passed through water will break 
the water up into hydrogen and oxygen. Hydrogen is given 
off at the cathode and oxygen at the anode. 

Experiment 1. In order to pass a current through water it is 
necessary to dissolve some salt, or acid, in it to make the liquid 
a good conductor. The most convenient thing is to add 10 or 
15 per cent of strong sulphuric acid. 




Fig. 182. —The decomposition of water by an electric current. 

Take a Wolff's bottle half full of the dilute acid; through 
two of the holes in the bottle insert two slips of sheet platinum 
soldered to copper wires, as indicated in Fig. 182 : connect these 
to a battery of several cells joined up in series. A storage bat- 
tery of live or six cells is most convenient. Gas will be given 
off from each electrode, and may be collected for examination by 
attaching one end of a rubber tube to the remaining neck of the 
bottle, and immersing the other end of the tube under a soap- 
solution. The escaping gas will thus blow a series of soap- 
bubbles which may be exploded by a lighted taper ; and it has 
been shown that the gases are evolved in just the right propor- 
tion to explode, without leaving behind any oxygen or any hy- 
drogen, i.e. the proportions of hydrogen and oxygen present 
are chemically equivalent. 
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By using a U-tube with electrodes, one sealed into each branch, 

the gases can be collected before they have a chance to mix. 

If the legs of the tube 

are graduated, one can 

measure directly the 

volume of hydrogen 

set free, and also the 

volume of oxygen. Ac- 
curate measurements 

of this kind show that 

when the gases are 

collected under equal 

pressures the volume 

of hydrogen is exactly 

double that of oxygen. 

But chemists tell us 

that these are exactly 

the volumes of hydro- 
gen and oxygen that 

unite to form water, 

and that the density of 

oxygen is 16 times as great as that of hydrogen. What then 

will be the mioss of oxygen set free as compared with the mass 
of hydrogen ? 

Experiment 2, Instead 
of acidulated water, we 
may use a solution of 
lead acetate as an elec- 
trolyte. The phenome- 
non is most conveniently 
seen or projected when 
the solution is placed in" 
a flat vessel such as ia 
represented in Fig. 184. 
If we use a pair of 

Fig. 184.-Electroiysisof leid iceUte. platinum wires aS clcc- 
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trodes, it will be seen that the lead acetate, which is a clear 
transparent solution, is broken up so as to yield dark metal- 
lic lead at the negative pole of the battery, i.e. at the same 
pole where the hydrogen appeared in the preceding experi- 
ment. In general, hydrogen and all the metals behave as if 
they rode through the electrolyte on the current, i.e. they 
collect at the same pole at which the current leaves the elec- 
trolyte. 

Experiment 3. Moisten a strip of filter paper with a strong 
solution of phenol-pthalein * and sodium chloride, table salt. 
If the positive pole of a battery be connected with one end of 
the strip, the negative pole will, when drawn over the strip, 
cause an electric current to pass along the strip, for the moist- 
ened paper is a conductor. This current will deposit sodium 
at the negative electrode, the sodium will unite with the water 
in the strip and produce caustic soda, i.e. a strong alkali, which 
turns the phenol-pthalein a brilliant red. The consequence is 
that a brilliant red line may be traced when the negative elec- 
trode is moved over the strip of filter paper. 

Experiment 4. If we immerse two copper plates in a solu- 
tion of copper sulphate and pass a current from one plate to 

the other, the mass 
of the plate by which 
the current enters 
will diminish, while 
the mass of the plate 
by which the cur- 
rent leaves will grow 
larger; but the copper 
solution remains prac- 
tically unchanged. By 
accurately weighing 
the plates before and 

* This is a substance which chemists very commonly use to detect the 
presence of an alkali. The phenol-pthalein is colorless ; but a drop of it 
in an alkaline solution will color the solution red. 
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Fig. 185.— The c»pper voltameter. 
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after the passage of the current, and noting the duration of 
the current, one can determine just how much copper any 
given current will deposit in one second of time. Such a cell 
as this fitted with electrodes and electrolyte is called a voltam- 
eter. The copper thus deposited is very pure, and this pro- 
cess is now largely employed for refining copper. 

Faraday made a very careful study of many phenomena such 
as we have just been considering, and he summarized his 
results as follows : 

Faraday's Laws of Electrolysis 

First Law 

The amount {Le, the mass) of an electrolyte which is decom- 
posed by an electric current is proportional to the current flow- 
ing and to the time during which it flows. 

Unit of Current The Ampere 

308. Since the amount of metal deposited in one second is 
directly proportional to the current passing, it is evident that 
we may use the amount of metal deposited in one second as a 
measure of the current. Accordingly the International Con- 
gress of Electricians, which met at Chicago during the World's 
Fair of 1893, agreed to define the unit current as one which 
deposits silver at the rate of 0.001118 grammes per second. This 
unit is called an ampere. 

Just why a current of this particular value is chosen as 
unity, and the beautiful process of reasoning which connects the 
ampere with the centimetre, gramme, and second, are matters 
which must be left for more advanced study. 

Faraday^s Second Law 

309. When an electrolyte, or a series of electroljrtes, is 
decomposed by an electric current, the components into which 
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it Is separated are always cbemicaUy equivalent, t.e. they an 
aet free in just such amounts as may recombine and fonn i 
eliemical compound witliout any left-over material. 



n cells conlal n I ng different 



II. Heatinq Effects of Elkctkic Cubbents 

310. In these days every one is farailiar with the fact that 
when an electric current is passed through a carbon filament, 
the temperature of the iilanient may be increased to such a 
point that the carbon iwcomes white hot. 

^ Trolley cars are heated by electric cur- 
rents passing through coila of wire. Iron 
chains are now made by welding together 
the two halves of each link by means of 
an electric ciirrent. Even the rails in 
railway tracks are now welded t(^ether 
by the same process. 

Between the years 1840 and 1843 Dr. 
Joule made a very careful study of the 

heat produced by an electric current. He 

Fig. 1B7-— Ciiorimeierfor found that for ouy One piece of wire the 
which" hMt 's'prodM:^ amount of heat produced by any current 
by in Biectrfc curreni. depends upon two things ouly : 

1, Upon the amount of current flowing, i.e. upon the number 
of amperes. 

2, Upon the time during which it flows. 
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By use of a calorimeter containiug a coil of wire, it was shown 
that when the current in the coil of wire was doubled, the heat 
was developed four times as fast as before ; and when the cur- 
rent was trebled, the heat was imparted to the water nine times 
as rapidly as before. 

But if any particular current were allowed to flow first for 5 
minutes, then for 10 minutes, it was found that the amounts of 
heat (calories) developed in these two intervals were in the ratio 
of 1:2. And Joule found that in general he could describe 
the results of his experiments as follows : 

Joule's Laws of Heating 

1. In any given conductor, the heat developed by an electric cur- 
rent in any given time varies directly as the square of the current. 

2. In any given conductor, the heat developed by any given cur- 
rent is directly proportional to the time during which the current 
flows. 

311. Hitherto, we have been considering the effect of a cur- 
rent upon a single conductor. Suppose, however, we take a 
series of different con- ^ g 
ductors and join them 
end to end, and pass 



A B 




one current through the ^^-*-*-.*-jl.*^-^i..»-^|i[--*-*-^ 

•11 1. BATTERY 

entire chain. Will the pig. 1 88. -Amount of heat produced by an electric 
heatinff effect be the current depends upon length, diameter, and ma- 

- , ; - « terial of wire. 

same on each link of 

the chain ? An experimental answer to this question may be 

obtained as follows : 

Join together four wires as represented in Fig. 188, where 

AB is 10 cm. of iron wire; 0.25 mm. diam. 

BC is 20 cm. of iron wire; 0.25 mm. diam. 

CD is 20 cm. of copper wire ; 0.25 mm. diam. 

DE is 20 cm. of iron wire ; 1.00 mm. diam. 
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Through this series pass current sufficient to heat the part AB 
red hot. This will require about four amperes. Observe then 

(1) that the part BC (which is exactly similar to AB except 
in length) is just as hot as AB, and consequently is giving off 
twice as much heat as AB; 

(2) that the copper wire CD (which is exactly like BC ex- 
cept in chemical composition) is very much cooler than BC; 

(3) that BE (which is exactly like BC except that its area 
of cross-section is larger) is much cooler than BC. 

From experiments of this kind, in which, however, all the 
quantities involved were accurately measured, Joule concluded 
that the amount of heat which any given current develops in 
any conductor in a given time depends upon three factors : 

(1) The length of the conductor, the amount of heat being 
directly proportional to the length ; 

(2) the chemical composition, i.e. the kind of material of which 
the conductor is made ; thus we have seen that the iron wire 
becomes much hotter than copper wire of the same size ; in like 
manner a carbon filament becomes much hotter than an iron 
wire of the same size, other things being equal ; 

(3) the area of cross-section, the amount of heat being in- 
versely as this area. For this reason the insurance companies 
require wire of not less than a certain diameter to be used in 
leading a current to incandescent lamps. If the wire be too 
small, there is danger of its getting hot and setting fire to the 
building. 

These results we may summarize as follows : 

Let H= heat developed by any current; 

I = length of the conductor ; 

s = area of cross-section of conductor ; 

p = a constant depending upon the material of which 
the conductor is made. 

Then Hocp-- 

s 
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Electrical Resistance. The Ohm 

312. This expression, p-, is, for any particular wire, a con- 

s 

stant which describes that wire. This constant is called the 
electrical resistance of the wire. 

The resistance of a wire, or any other conductor, is then sim- 
ply a quantity which determines how much heat a given current 
will produce in it in a given time. 

Returning now to the series of conductors represented in 
Fig. 188, it is evident that the conductor BC has twice the re- 
sistance of the conductor AB; for the same current generates 
twice as much heat in BC as in AB. 

A conductor is said to have unit resistance when its resistance 
is equal to that offered by a column of mercury of uniform cross- 
section, at 0° C, when its length is 106^3 cm. and its mass is 
14.4521 grammes. This unit is called an ohm. 

When a wire is said to have a resistance of three ohms, it is 
meant that a given current will generate heat in that wire 
three times as rapidly as in the mercury column above described. 

The advanced student will find the connection between the 
ohm, the centimetre, and the second a most interesting chapter 
in electrical science. 

313. Joule's Law in terms of Algebra 

Let us denote by R the resistance of any conductor measured 
in ohms; 

by C the current flowing in the conductor ; 

by t the time during which the current flows. 

Then the heat, H, generated in the conductor is given by 
the following equation which summarized Joule's results, viz, : 

H<x: C'Bt. 

If we measure the heat in calories (p. 209), the current in 
amperes, the resistance in ohms, and the time in seconds, it is 
found that 

H = (-^.C^Rt. calories, Eq. 38 

\4:.2J 
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In the laboratory it is practicable to measure any three of 
the four quantities in this equation, so that we can employ the 
equation to determine the remaining quantity. By measuring 
H, (7, and t, we may thus determine R, 

The whole story of the heating effect of an electric current 
is contained in the above equation. 

The Incandescent Lamp 

314. We may increase the heat either by increasing the 
current or by increasing the resistance. Heat is developed 
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Fig. 1 84. — The alternating system. 



wherever resistance of any kind is located. It is for this 
reason that long slender carbon filaments of high resistance 
are used in incandescent lamps. The heat is located almost 
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Fig. 190. —The direct current system. 

entirely in the filament, scarcely at all in the wires which lead 
the current to the filament. 

Note also that it is the heat, not the electric current, which 
makes the filament luminous. If the carbon filament were 
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raised to the same temperature by any other means it would 
be just as bright. 

Figures 189 and 190 indicate the manner in which incandes- 
cent lamps are usually connected* in the alternating and 
direct current systems respectively. 

III. Magnetic Effects of an Electric Current 

315. The student who has employed a galvanometer to 
detect electric currents, already knows that a wire conveying 
an electric current is surrounded by a magnetic field. 

But it is not enough to know merely that the region about a 
current is a magnetic field ; we want to know what kind of a field 
it is, at least, what its direction is at any point. One of the 
easiest methods of mak- 
ing a map of such a 
field is to carry a small 
magnet about and note 
the direction which the 
magnet (i.e, the axis of 
the magnet) assumes at 
each point. 

In the case of an elec- 
tric current, this exami- 
nation is easily made by 
passing a wire, say two 
or three metres long, 
through a hole drilled ^^^' ^^^"^"PP^"^ *."^^^"'^^ ?^^ "^°"' "''^'•^ 

o conveying a current. 

in the centre of a small 

glass or cardboard plate, or even a wooden block. The plate 
should be supported by a wooden clamp, as shown in Fig. 191. 
If, on this plate, we place a ring of very small compass 
needles, we find that whenever a current is passed through the 
wire the magnets all tend to set themselves tangent to a circle 
about the wire. In this experiment a good strong current, say 
from 10 to 50 amperes, is needed, in order to minimize the 
disturbance due to the earth's field. 
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6TCRACE 
CELLS 



Small compass needles, such as are needed for this 

work, may be made from Stubb's steel wire about 

two millimetres iu diameter. A sewing-needle placed 

upright in a small lead base makes an excellent pivot. 

The temper of the steel wire should be drawn, the 

steel bent as indicated in the figure, and a bearing 

Fie i92^_ Small map- ™*^® ^^ ^^® under side by use of a prick-punch. 

net for mapping mag- Lastly, the temper must be restored to the steel 

netic fields. wire. 

If we reverse the direction of the current, it is seen that the 
little magnets tend to set themselves tangent to the same circle 
as before, but now in the 
opposite direction. 

Another way of examin- 
ing the magnetic field about 

a current is to pass the cur- ^'^' 193- iron filings arrange themselves in 

^ rings about an electric current. 

rent through a bare copper 

wire of small diameter. The copper wire should be just large 
enough not to melt. On dipping this wire into a box of 
fine iron filings, we observe that the filings which, by induc- 
tion, become temporary mag- 
nets, arrange themselves in cir- 
cles about the wire, and as the 
wire is lifted out these rings 
of filings remain clinging about 
it, as indicated in Fig. 193. 
But when the current is inter- 
rupted they fall off, showing 

Fig. 194. — Showing right-handed screw that theSC circular lines of forCC 

ZTJTZ ZZ. "' """ " disappear with the current. 

The magnetic field about a 
straight wire conveying a current is then represented by a 
series of circles drawn about the wire as centre and in planes 
perpendicular to the wire as illustrated in Fig. 194. As an ex- 
perimental fact it is observed that the direction of these lines 
of force is related to the direction of the current, as indicated 
in Fig. 194. This is called the right-handed screw relation. 
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Ffg. 195. — Lines of force about a single loop conveying a current. 

If the wire be bent into a loop, as in Fig. 195, lines of force 
will pass through the loop in a direction perpendicular to 
the plane of the loop. 
These are the lines of 
force which we have al- 
ready (p. 264) used for 
the induction of cur- 
rents. 

If a current be passed 
through a coil of wire (i.e. 
through a pile of loops) 
the lines of force dis- 
tribute themselves about 
the coil very much as 
indicated in Fig. 196. 
Such a coil is called a 
helix. And by use of a 
compass needle we easily satisfy ourselves that such a helix 
behaves as a magnet — one end repelling the N. pole, the other 
end attracting it. 

The Electromagnet 

316. If a rod of iron be placed inside the helix, the lines 
of force passing through it are enormously increased in num- 
ber. Such a device is called an electromag;net. (See p. 231.) 
The behavior of the electromagnet is well illustrated in the 
ordinary telegraph sounder. Here the operator at a distant 




Fig. 1 96. — Lines of force about a helix. 
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station closes the circuit; the electromagnet furnishes a strong 
magnetic field, attracting to its poles a small piece of iron, Ay 
called an "armature." This armature is pivoted at By and 
hence can rotate slightly about an axis through B, When the 





Fig. 197. — Representing the key at the sender's end, and the sounder at the receiver's 

end of a telegraph line. 

circuit is closed, the armature hits a stop which gives the 
sharp metallic click familiar to every one who has ever been 
in a telegraph office. When the circuit is broken, the arma^ 
ture is pulled back against another stop by means of a spiral 
spring, S. 

The electric bell, which makes and breaks the circuit auto- 
matically, is very much like the telegraph sounder, only here 



^ 




Fig. 1 98. — The electric door-bell. 

when the circuit is first closed, by pushing the button at K 
(Fig. 198), the current runs through the armature; but the iron 
core of the magnet immediately becomes magnetized; the 
armature is pulled away from the metallic stop on which it 
rested, and the current is thus interrupted ; but as soon as the 
current is broken the armature falls back by means of a spring 
into its initial position, and the circuit is again closed. 

In this manner the armature is kept in continual vibration; 
and may, therefore, be employed as a bell clapper, the bell con- 
tinuing to ring so long as the push button is held down at K. 
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IV. Bbhaviok of a Movable Circuit in a Magnetic Field 

317. Up to this point we have been studying some of the 
properties of an electric current considered by itself. 
We have found 

(1) that if the conductor is an electrolyte it is decomposed 
by the current; 

(2) that the conductor is heated by the current ; 

(3) that the current produces a magnetic field about the 
conductor. 

We are now ready to determine by experiment how an 
electric circuit behaves when placed in another magnetic held, 



Fig. 1 



ssliy m 



i.e. in a field other than its own. To answer this question we 
shall need a circuit which is free to move while a current is 
flowing in it. We can easily accomplish this by floating a 
small Voltaic cell in a large dish of water. A small coil of 
copper wire, consisting of half a dozen turns, with zinc and 
copper plates soldered to its respective terminals, can be fitted, 
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through a cork, into a small and rather deep glass beaker, as 
shown in Fig. 199. 

As soon as the glass is half filled with dilute sulphuric acid 
and floated on water we 4iave at our disposal a current in a 
circuit which is free to move. If the floating cell is inclined 
to be unstable, a small piece of sheet lead laid in the bottom 
will remedy the difficulty. 

Two phenomena are observed when a strong bar magnet is 
brought near this floating coil, viz. : 

(1) If the N pole of the magnet be extended toward the 
coil, the circuit will always rotate so as to present that 

face in which the current 
is flowing in a clockwise 
sense, t.e. the south face 
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Fig. 201. — Movable circuit is translated so as to 
include as many lines of force as possible. 



of the coil is attracted by 
the north pole of the mag- 
net. 

(2) But this • motion of 
rotation is not the whole 
of the phenomenon. For 

if the magnet be held in a fixed position, end on in front of the 

coil, it is observed that the coil is translated as a whole, moving 

so as to include more lines of force. 

And, in general, it has been proved that an electric current 

always sets itself so as to include as many lines of force as 

possible. 

Tlie D^Arsonval Galvanometer 

318. A still simpler and more elegant illustration of this 
behavior of a current in a magnetic field is the following. 

Mount a Weston magnet upon a block of wood, as indi- 
cated in Fig. 177. Between the poles suspend a coil of half a 
dozen turns of No. 20 copper wire, using for the suspension 
a spiral of, say, No. 30 wire. Connect the coil by means of 
another spiral below to a single cell and key. If the plane of 
the copper coil be set parallel to the magnetic lines of force 
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as indicated, the coil will rotate whenever the circuit is 
closed; because by ro- 
tating it can set itself so 
as to include a much 
larger number of lines 
of force. This experi- 
ment (which can be pre- 
pared in ten minutes) 
should be thoroughly ex- 
amined, repeated, and 
mastered by every stu- 
dent. 

This is essentially the 
instrument which Lord 
Kelvin devised in 1867 
for receiving messages 
over the Atlantic cable. 




Figf. 164. —A galvanoscope in which a part of the 
wire conveying the current is movable : while 
the nnagnet is fixed. 



The suspended coil is connected with the copper wire inside 
the cable, and whenever a current is sent over the line, the 
suspended coil turns itself so as to include more lines of force. 
When the current ceases the coil returns to its position of 
equilibrium. The angular deflection of the coil is indicated 
by the motion of a spot of light : and the operator reads the 
message by the motion of this spot. In later instruments the 
coil is also provided with a fountain pen so that it records its 
own deflections on a moving strip of paper. 

TJie Electric Motor 

319. The electric motor is also a suspended coil of this 
kind. Here the coil is generally wrapped about an iron core 
on a horizontal steel shaft which is suspended in bearings so 
that the coil rotates with very little friction. This coil is 
called the armature and is placed between the poles of an 
electromagnet so as to be in a strong magnetic field. If a 
current is now passed through any one coil of wire on the 
armature coil, the coil will tend to rotate so as to include 
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more lines of force ; but when it has once set itself in a posi- 
tion where it includes as many lines as possible, the commu- 
tator (simply a split ring fastened on the shaft and -insulated 
from it) changes the direction of the current in the coil, so 
that now the wire tends to rotate 180° farther so as to include 




Fig- 202. — Electric motor showing commutator. 

more lines of force in the right-handed direction. Each turn 
of wire on the armature behaves in the same way, so that there 
is a continual moment of force acting upon the armature. By 
means of a belt and pulley a large part of the energy furnished 
to the motor may be transmitted to other machines and there 
employed to do work. 

The advanced student will learn that this tendency of the 
coil of wire to include as many lines of force as possible is 
simply a tendency of the coil to place itself in a position where 
its potential energy is a minimum, in accordance with the 
general dynamical principle which we have already (p. 70) 
considered. 

Ohm^s Law 



320. A Voltaic cell or a dynamo may be looked at from 
several different points of view. A battery may be considered 
as an instrument in which chemical energy is transformed into 
heat or some other useful form of energy. In like manner, a 
dynamo may be viewed as a machine for transforming the 
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QACVANOMETER 

Fig. 203. — Electrical pressure of gravity cell 
compared with that of storage cell. 
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energy delivered by a steam engine into heat, or light, or some 

form of mechanical energy. 

But we may also consider a battery as a pump which exerts 

a pressure tending to drive " electricity " (whatever that may 

mean) through a circuit. 

In fact, a battery may be 

said to exert an electrical 

pressure along a circuit. 

For instance, if a gravity 

cell and a lead storage 

cell be placed in series 

in the same circuit, with 

their negative poles to- 
gether, as indicated in 

Fig. 203, it is found that the current in the circuit always 

flows from the positive to the negative pole of the storage 

celly i,e. the current flows 
in the same direction in 
which it would flow if the 
storage cell alone were in 
the circuit. Considered 
as a force pump for elec- 
tricity, the storage cell is 

Fig. 204. — Two gravity cells nearly balance one alwayS able tO CXCrt more 

storage cell. electrical pressure than 

the gravity cell. When two gravity cells are joined up against 
one storage cell, as in Fig. 204, it is observed that the resultant 
pressure is almost zero; 
for the current becomes 
almost zero. The electri- 
cal pressure of one storage 
cell is then nearly equal 
to that of two gravity 
cells. 

But if we ioin up three 

. Fig. 205. — Three gravity cells more than balance 
gravity cells each with its one storage cell. 
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positive pole the same way and oppose them to one storage cell, 
as indicated in Fig. 205, the current will then flow in a direc- 
tion opposite to that in which the storage battery alone would 
send it. The electrical pressure of one lead cell is then less 
than that of three gravity cells. This is indicated by the 
directions of the arrows in Figs. 203 and 205. 

By similar experiments it is easily shown that the electrical 
pressure of any three cells joined end to end with positive 
poles, all one way, is three times as great as that of either cell 
alone. 



.. In 1827 the three following facts were announced by 
Ohm: 

1. In any circuit in which the resistance is kept constant, 
the current is doubled whenever we double the electrical 
pressure, trebled when we treble the pressure, etc. ; and, in 
general, the current is directly proportional to the electrical 
pressure. 

2. When in any circuit the electrical pressure remains the 
same, the current will vary inversely as we vary the resistance 
of the circuit. 

3. When in any circuit the current is to remain constant, 
the electrical pressure must be varied directly as the resistance 
varies. 

These facts, which together constitute "Ohm's Law," may 
be expressed algebraically as follows : 

The quantity which we have hitherto denoted by electrical 
pressure is generally called electromotive force, and is usually 
abbreviated to E.M.F., or, in equations, to E. Let us denote 
current by C and resistance by R, Ohm's discovery is then 
summarized as follows : 

C varies as E, when R is constant. 
C varies as l/R, when E is constant. 
E varies as -R, when C is constant. 
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It has been agreed, however, by the scientific world, to 

take as unity that electromotive force which will send one ampere 

of current through a resistance of one ohm; i.e. it has been 

agreed to call E unity, when for any circuit both C and B are 

unity. This being done, Ohm's Law may be written as 

follows : 

C = E/R. Eq, 39 

The unit of electromotive force, which we have just defined, 
is called a volt. The E.M.F. of a gravity cell is about one volt ; 
that of a Leclanch^ cell, 1.5 volts ; that of a lead storage cell, 
2.1 volts. 

323. A more particular statement of Ohm's Law is now 
possible, namely : In any electrical circuit, the total E.M.F. in 
volts, divided by the total resistance in ohms, is numerically 
equal to the current in amperes. 
But if, instead of considering the 
entire circuit, we consider only 
a portion of it, such as that be- 
tween the points a and h (Fig. 

206), then it is found that Ohm's ^ ^ 

T i_ 11 • i.1- r Fig. 206. — Ohm's Law applied to a portion 

Law holds in the same way for ^ ^^^ currentr 

this portion of the circuit as for 

the whole circuit, always provided there is between a and b 

nothing of the nature of a battery or dynamo. 

Ohm's Law for this portion of the circuit would then read as 
follows : The difference in electrical pressure, in volts, between 
the points a and b, divided by the resistance, in ohms, between 
the points a and b, is numerically eqnal to the current, in amperes 
flowing in that part of the circuit. 

PROBLEMS ON OHM'S LAW 

1. A curi-ent of 1 ampere and an electromotive force of 60 volts is re- 
quired to feed an incandescent lamp. What is the resistance of the 
lamp in ohms ? Ans. 50 ohms. 
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8. A Leclanch^ cell is used to ring a door-bell. The resistance of the 

wire in the bell is 2 ohms, the resistance of the line is ^ an ohm, and the 

cf^ resistance of the cell is 1 ohm. The E.M.F. 

of the cell is 1.6 volts. What current will be 
produced when the circuit is closed ? 

Ans. 0.429 ampere. 

8. The E.M.F. of a single gravity cell is 1.1 

volts ; the resistance of each cell is 3 ohms. 

Fig. 207. ^ three of these cells be joined up in series, 

as indicated in Fig. 208, and the poles of the 
battery be connected by a resistance of 1 ohm, what current will flow in 
the circuit ? 

Remember that we have found (p. 276) that the resistance of a con- 
ductor is proportional to the length of the conductor. The resistance of 
three cells in series will, therefore, be three 
times that of either cell alone ; for the liquid 
in the cell is the principal part of the resist- 
ance ; and the liquid path is three times as 
long. Ans. 0.33 ampere. 

4. A telegraph sounder has a resistance 
of 70 ohms, and it requires a current of 0.2 fu? 208. 
ampere to work it. Will 20 gravity cells 

such as described in the preceding example be sufficient ? Will 40 cells 
suffice ? Be able to describe your reasons at the blackboard. 

5. Two wires, Bi and i?2i alike in all respects, and having each a 
resistance of 20 ohms, are joined ^^ in parallel,^* as shown in Fig. 209. 

What is the sum of their resistances, i.e. what 
;^/sMmAAAaa/N/v B ^^ ^*^® resistance of that part of the circuit 
^ VWWWWWf \ which lies between the points A and B ? Use 

I Rt I definition of resistance given on p. 276, viz. : 

^ li ^ s=^. 

Fig. 209. * 

One might imagine the two wires fused into 
one of equal length ; the numerical value of s would then be doubled ; 
but as an electrical conductor the large 

wire would be equivalent to the two ^ . c . * — B 

smaller ones. 




1 OHM 




6. What is the total resistance of the 
two wires, Bi and i?.j, when joined *'in p'j jiq 

series'' as indicated in Fig. 210 ? 
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7. A gravity cell of 1.1 volts is joined up in opposition to a storage 
cell of 2.1 volts, i.e. their positive poles are connected. What is the 
resultant E.M.F. of the two cells ? Ans. 1 volt. 

8. Three gravity cells, each having 
a resistance of 3 ohms and an E.M.F. 
of 1.1 volts, are joined "in parallel" 
(as indicated in Fig. 211), and then con- 
nected to a coil of wire having a resist- 
ance of 8 ohms. Find the current in the 
coil. How much current passes through 
each cell ? 




R » 8 OHMS I 



Ans. 0.122 ampere ; 0.041 ampere. pj 21 1 

324. Summary of Facts concerning Electric Currents 

Electric currents are generally produced in one of the three 
following methods, viz. : 

1. By use of the Voltaic cell. 

2. By induction. Dynamo currents and telephone currents 
are of this kind. 

3. Directly from heat; method not discussed in this volume. 

The most important properties of electric currents are the 
following : 

1. They decompose all chemical compounds which are con- 
ductors. Faraday's Laws of Electrolysis. 

2. They heat conductors through which they pass. Joule's 
Law of Heating. 

H = ^ Eg. 38 

Electrical resistance may be defined as that property of a 
conductor which determines how much heat a given current 
will produce in it in a given time. 

A O TT 

H = 1L±J± Defining Eq. for R. 

When (7=1 ampere, t = l second, and H=—- calories, it 
follows that E = 1 ohm. 
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3. A conductor conveying a current is surrounded by a mag- 
netic field. 

4. A conductor conveying a current tends to set itself so as 
to include the greatest possible number of lines of force. This 
is the principle of the electric motor, and of galvanometers in 
which the coil is free to move. 

Practical Electrical Units 

Unit of Current 

One ampere: defined arbitrarily as that current which de- 
posits silver at the rate of 0.001118 gramme per second. 

Unit of Resistance 

One ohm: defined arbitrarily as that resistance which is 
offered by a column of mercury of uniform cross-section at 0° C, 
when its length is 106.3 cm. and its mass is 14.4521 grammes. 

Unit of Electromotive force. 

One volt : defined as that electrical pressure which will pro- 
duce one ampere of current in a resistance of one ohm. Defin- 
ing equation E = CR, 

The reasoning which leads to these arbitrary definitions of 
the ampere and the ohm is given in all the larger text-books, 
and will repay the advanced student for any study put upon it. 

References on Electric Currents 

S. P. Thompson. — Elementary Lessons in Electricity and Magnetism 
(Macraillan), pp. 628. Price, ^1.40. Chapter III especially recom- 
mended for the beginner. 

C. A. Perkins. — Electricity and Magnetism. (Henry Holt & Co.) 
Price, .$1.10. Thoroughly modern treatment. 

J. J. Thomson. — Elements of Electricity and Magnetism (Cambridge 
Press), pp. 610. Price, $2.60. A rigid mathematical treatment, 
adapted to college and university students. 
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M. Fabadat. — Experimental Researches, 3 vols. 

G. Chbystal. — Art. "Electricity" in Ency. Brit. 

Oliver Lodge. — Modern Views of Electricity (Macmillan), pp. 422. 
Price, $ 1.76. Advanced theories are presented in a lucid manner. 

Arts. "Telephone" and "Telegraph" in Ency. Brit. 

Art. on "Electricity" in Great American Industries Series. Haider's 
Magazine, October, 1896. 



CHAPTER XI 

LIQHT 

As under the head of Sound we considered those phenomena 
which produce the sensation of hearing, so now, imder the head 
of Light, we proceed to consider those phenomena which pro- 
duce the sensation of sight ; and, following the method used in 
previous chapters of this volume, we begin with a study of 
some of the fundamental phenomena of light, and lastly con- 
sider what is often called the " nature of light" 

Definitions 

325. When we are looking at the various objects in a room 
it is not difficult, in general, to select those which we might 
still be able to see in case no light were admitted to the room 
from the outside. If the room were completely shut off from 
any outside light, the chairs and tables in it would become 
quite invisible, while a burning match or a red-hot coal in the 
fireplace, a lighted gas jet, or an incandescent lamp would 
each illuminate the room, and at the same time be seen by its 
own light. Bodies of this latter class are said to be self- 
luminous, while bodies of the former class, including the 
ordinary furniture of a room, are said to be non-luminous. 
They shine by borrowed or reflected light. Is the moon 
luminous or non-luminous ? The sun ? Luminous bodies are 
generally, but not always, hot. A phosphorescent clock-face 
is easily seen at night, but can hardly be called a hot body. 
The student who recalls his daily duties will find that most of 
his work is performed by the aid of borrowed, or diffused, 
light. For instance, you are now reading this page by light 
which is reflected from the white paper to the eye. 

292 



LIGHT 293 

• 

Some substances, like water, air, tKin layers of gelatine, per- 
mit us to see distinctly other objects through them. Substances 
of this kind, including many kinds of glass and some crystals, 
are said to be transparent. There are other substances, however, 
such as iron, wood, ink, through which bodies cannot ordinarily 
be seen. Such substances are said to be opaque. But every one 
will recall certain other substances, such as milk in thin layers, 
thin tissue paper, lightly ground glass, even ink in thin lay- 
ers, thin shavings of wood, through each of which objects are 
faintly or indistinctly seen. These bodies form an intermediate 
link between transparent and opaque bodies. They are called 
translucent. 

If bodies are taken in layers of proper thickness, it may be 
easily shown that there is no sharp line between the most 
opaque and the most transparent substances. For metals, such 
as gold and silver, which are very dense and ordinarily very 
opaque, become translucent, and even transparent, when taken 
in sufficiently thin layers, as may be easily shown by depositing 
a thin film of silver on glass; while, on the contrary, what we 
call " perfectly clear " water, when taken in sufficiently thick 
layers, permits almost no light to pass through it. For geogra- 
phers who have studied the bottom of the sea have found that 
those parts of the ocean which lie at a depth of several kilo- 
metres are in almost complete darkness. 

326. We now proceed to consider some of the fundamental 
and general properties of light, including the light which is 
emitted from luminous bodies and the light which is reflected 
from non-luminous bodies. 

Light moves in Straight Lines 

If a man steps behind a tree, it is very well known that he 
becomes partly or entirely invisible to one looking toward the 
tree. As every one knows from experience, the reason of this 
is that the light proceeding from any part of the man behind 
the tree cannot pass through the opaque tree, cannot take a 
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curved path around the tree, and therefore cannot reach the eye 
of the observer. Evidence of this kind, such as we have all 
been collecting since early childhood, shows us that if light 
does not travel in straight lines, it travels in lines which are 
very nearly straight. 

In order to test this matter more accurately in the laborar 
tory, we may proceed as follows. As a source of light, use a 
lamp, either gas or oil, provided with a tin chimney in which 
has been drilled, at a point on a level with the flame, a hole 
from one to two millimetres in diameter. This round hole, 
near the flame, may be considered as a luminous point, and not 
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Fig. 212. —Light travels tn straight lines. 



only for this, but for many other purposes, in the study of op- 
tics is a most excellent source of light. At some distance, say 
one metre, in front of this point-source clamp a sheet of card- 
board with a pinhole in it. The pinhole, P (Fig. 212), and the 
source of light, S, are two points which serve to define a straight 
line. We might think of this line as represented by a thread 
stretched tightly between these two points. Now place your 
eye behind the pinhole, and look toward the hole in the opaque 
lamp-chimney. You will find that any opaque object placed 
on this straight line, PS, will render the luminous point invisi- 
ble. This means that light from the luminous point can reach 
the pinhole in the card only along the straight line joining these 
two points. 
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But from the following it will be seen that this statement 
is not quite true as it stands. Suppose that we place in this 
straight line an ordinary spectacle lens, as represented in Fig. 
213, so that an image of the luminous point is produced upon 




Fig. 2 1 3. — If a medium is not homogeneous, light does not travel through it in 

straight lines. 

the pinhole on the cardboard. To do this we have placed the 
spectacle lens so that the straight line, SP, passes approxi- 
mately through the centre of the lens. Let us now interpose 
a coin somewhat smaller than the lens immediately in front of 
the lens so that the straight line passes through the centre of 




Fig. 214. 

the coin. We observe that this coin does not prevent all the 
light from the luminous point reaching the pinhole. The 
image still remains at the pinhole, the only difference being 



296 THE ELEMENTS OF PHYSICS 

that it is not quite so bright as before. The path of the light 
from the source to the pinhole is no longer a straight line. All 
the light which forms the image now passes around the edge of 
the coin. But the reason of this is very evident, for we have 
now interposed a piece of glass in the path of the light, and, 
indeed, it has been found that in general, when light has to pass 
through materials of different kinds it does not travel in the same 
straight line through them all. 

If now we remove the spectacle lens and allow the penny to 
remain, in Fig. 214, we shall find that the coin prevents any 
light from the source reaching the hole in the cardboard. The 
entire path of the light is here through air alone. 

Definition. A body such as the air in a room, or a piece of 
pure glass, every part of which is like every other part, is said to 
be homogeneous. 

Accordingly, we may describe the behavior of light by say- 
ing that in any homogeneous medium it travels in straight 

lines. 

Illumination 

327. Definitions. The amount of light which falls upon 
unit of area at any point on a surface is called the Ulumination 
at that point. If we call L the total amount of light incident 
upon a surface whose area is A, the average illumination of 
that surface will be I where 

/= L/A, 

If we denote by ^ a very small area about a point P, then 
L/A is the illumination at P. 

Shadow 

If any opaque object be held in front of a screen which is 
illuminated only by a point-source, there appears on the screen 
a certain area which is not illuminated at all. This dark area 
is called the shadow of the opaque object. The fact that this 
shadow is geometrically similar to the outline of the opaque 
object is a consequence of the fact that light moves in straight 



lines in a liomogeneons medium. The fa«t that shadows pro- 
duced by opaque objects are similar to the objects may also be 



considered as experimental evidence that light does travel in 
straight lines. 

Umbea and Penumbra 

Hitherto we have considered shadows of objects illuminated 
by iKjiiit-sourees only. Suppose now that our source is no 
longer a luminous point, but a luminous body, made up of an 
inlinitely great number of luminous points. In this case it is 
observed that the shadow consists of two parts, one a central 
dark area, which is illuminated by no point on the bright 
body. This portion of the shadow is called the umbra. Im- 
mediately surrounding the umbra is another region which is 
illuminated by some, but not all, portions of the luminous 
body. This region is called the penumbra. (See Fig. 316.) 




Fig. 216. — A 



The region immediately outside the penumbra is, of course, 
illuminated by all portions of the luminous body. 

Ordinary arc lights, "although they give one the impression 
of being " gi'eat balls of fire," produce shadows which are re- 
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markably sharp ; that is, they give almost no penumbra. We 
infer, therefore, that they must be very nearly point-sources. 
That this is the fact, we can easily observe by looking at an 
arc light through several deeply colored glasses. 

328. In fact, any very bright object, such as the sun, or the 
filament of an incandescent lamp, always appears to be larger 
than it really is. Physiologists explain this by saying that 
when the eye produces an image of any bright object upon the 
retina, those portions of the retina bordering upon the image 
are also affected. Hence the retina has the impression of an 
image a little larger than the real image, and hence we imagine 
the object to be a little larger than the real object. This phe- 
nomenon is called irradiation. Look through a piece of dark 
red glass at one of the small holes in the tin lamp-chimney. 
Note that its apparent size is not so large as when seen with 
the naked eye. 

Diffraction 



But there are still other circumstances under which 
luminous objects may appear larger than they really are. To 

comprehend these facts clearly, it is 
necessary for us to digress for a mo- 
ment to recall the fact that we some- 
times appear to see objects out of 
their real positions. A brush lying 
on a dressing-case may appear to be 
located behind the glass, because the 
rays of light which leave the object 
and are reflected at the glass reach 
the eye from the direction PB, and 
not from the direction PA (Fig. 217). 
Fig. 2 17. -The object appears to The image of any object held over 

lie in the direction of the ray ^j^g surfaCC of quict WatCr appears tO 
which enters the eye. ,. -,• , ^ t At i«j. 

be immediately under the object, i.e. 
we see the image in the direction of the ray entering the eye. 

(See Fig. 218.) 
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Keturning now to our flame covered with a tin lamp-chimney, 
let lis cut, in another part of the chimney, a slot about 30 
millimetres long and 1 or 2 millimetres in breadth. Suppose 




Ffg. 218. 

now that this slot, S (Fig. 219), is placed immediately in front 
of the flame. As we look at it with the naked eye, the slot 
appears to have a certain width. But now examine it looking 
through a small pinhole in a visiting card. The pinhole is 
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Fig. 219. — A luminous line appears wider when seen through a small aperture. 

best made with a small needle. The card should be held in 
the hand very close in front of the eye. The slit, S, appears 
now very much dimisislMd in brightness, but very much wider 
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than to the naked eye. A piece of red glass placed in front of 
the slit will prevent irradiation, and make the phenomenon 
clearer. This phenomenon is still better seen if we substitute 
for the visiting card a single straight cut made on the opaque 
film of an ordinary photographic plate. A small piece of a 
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Fig. 220. — Horizontal section through preceding figure. 

lantern-slide plate is best; for it is difficult to cut a slit in the 
film of a " fast " plate without making the edges ragged. The 
effect of a small hole on a bundle of rays passing through it is 
then to spread the rays out. So that the slit S appears to 
have a width CD. For the source, S, would not appear to have 

the width CD unless 
the rays were spread 
out. The ray PH pro- 
longed backward gives 
us one edge of the ap- 
parent slit; the ray 
QK prolonged back- 
ward gives us the 
other. The small cone 
of rays, SHK, is spread 
out into a much larger 
cone, PHKQ, This is 
not unlike what hap- 
pens when water waves 
pass through an open- 
ing in a breakwater. 




A <r 



Fig. 221. —The effect produced upon water waves 
by a small opening in a breakwater. 



Let BAC (Fig. 221) be a wall separating the quiet water from 
the open sea. The crests of the waves, before they enter the 
opening at Ay are straight; when they strike the wall BC, only 
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B 



a small portion of the wave enters at A. And it is observed 
that this small portion of the wave front does not proceed in 
one straight line, but spreads out so that the successive crests 
are nearly circular lines, as shown in Fig. 221. The line which 
is normal to the crest or front of a wave aJt any point indicates 
the direction in which that wave is travelling at that point. 
This normal is analogous to a " ray " of light which is a line 
indicating the direction in which the light travels at any point. 

This spreading apart of the wave-normals in water is called 
diffraction. When a cone of light rays enters a small opening 
and is spread out into a cone of larger angle, this phenomenon is 
also called diffraction. 

If, in the case of the breakwater, the opening at A be large, 
the wave-crests proceed through it and remain straight, as 
shown in Fig. 222 ; so 
also it is found, if we 
use a large opening in 
the visiting card (Fig. 
219), the light rays pro- 
ceed straight through 
without change of di- 
rection, i.e. the appar- 
ent size of the opening 
in the lamp-chimney 
is not appreciably 
changed by viewing it 
through a large hole in 
the visiting card. 

" Some few years ago a powder-hulk exploded on the river 
Mersey. Just opposite the spot there is an opening of some 
size in the high ground which forms the watershed between the 
Mersey and the Dee. The noise of the explosion was heard 
through this opening for many miles, and great damage was 
done. Places quite close to the hulk, but behind the low hills 
through which the opening passes, were completely protected, 
the noise was hardly heard, and no damage to glass and such 






Fig. 222. — A is a large opening in a breakwater. 
Waves do not pass through a small opening in 
this manner. 
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like happened. The opening was large compared with wave 
length of the soundJ' — Glazebrook, Physical Optics, p. 149. 

From the preceding experiments, it is evident that light 
travels in straight lines 

(1) When the medium is homogeneous ; and 

(2) When the rays are not compelled to pass through any very 
small openings. 

Light falling upon a Body 

330. We have just been considering the behavior of light 
when it has a free path in which to travel. Suppose, however, 
a beam of light strikes upon some body lying in its path. 

If the body has a very smooth surface, it will generally haj)- 
pen that a large part of the light which falls upon it from 
any direction is sent off in some other direction. This is called 
reflection. If the body is a rough one, such as ground glass or 
a piece of newspaper, the light which falls upon it is scattered 
in all directions. Such light is said to be diffused; and the 
process is called difhise reflection. 

But some of the light which is incident upon a body will 
penetrate the body ; this we know because objects can be seen 
through all substances if only the body is made thin enough. 
The rays which pass through a body are said to be transmitted. 

If, however, the body is so thick as to be opaque, then those 
rays which enter the body never leave it. Such rays are said 
to be absorbed ; and the process is called absorption. 

Reflection 

331. The simplest and most elegant manner of studying the 
reflection of light is perhaps the following. A cross is made 
of two pieces of pine wood mortised together, as indicated in 
Fig. 223. One piece is slotted so as to receive a strip of plate 
glass, G, 

If a pin be placed at P, this strip of glass will act as a mir- 
ror. To an eye placed somewhere in front of the glass, say at 
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E, the image of the pin will be seen at P'. We can now easily 
place a second pin at the point P', so that it coincides with the 
image of the first pin. 
The second pin at P* 
should be viewed over 
the top of the glass 
strip. The glass strip 
may well be ground or 
greased on the rear 
surface so that the re- 
flection from the first 
surface only is seen. 

The first pin now 
locates the position of 
an object; while the 

second pin locates the position of its image, produced by a 
plane mirror. Concerning this image it is important to note 
the four following facts : 

1. On observing this image from various points of view, it 
is seen that the image does not change position as the eye 
changes position. The image has a fixed position in space 
quite independent of the observer. 

2. If, however, either the object or the reflecting surface be 




Fig. 223.— A convenient device for studying the 
laws of reflection. 
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Fig. 224.-P'0 = PO. 



moved, the image also 
moves. 

3. If now we draw 
a straight line from 
P to P', we find by 
use of a square that 
the reflecting surface 
is at right angles to 
this line. 

4. Not only so, but 
on measuring the per- 
pendicular distance. 



P^O^ from the image to the reflecting surface, and also the per- 
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pendicular distance, PO, from the object to the reflecting sur- 
face, it is found that these distances are equal. 

These facts, which are familiar to nearly every one, may be 
summarized by saying that the image of a point in a plane mir- 
ror lies on the perpendicular let fall from the point to the mirror, 
and lies as far behind the mirror as the point lies in front of the 
mirror. 

The Law of Plane Reflection 

The point P is sending out rays of light in all direc- 
tions. Let O' (Fig. 225) 
be a point at which 
one of these rays strikes 
the mirror. Then the 
two right-angled trian- 
gles P'0'0 and PO'O 
are equal, for they have 
one common side, 00*, 
and the sides OP* and 
OP are equal. Hence 
the angles O'PO and 
O'P'O are equal. 

Draw the line NO' per- 
pendicular to mirror at 

O'. Then the angles NO'E and XO'P are equal, since they 

are respectively equal to O'P'O and O'PO. 

Definitions 

The angle between the normal to the reflecting surface and 
the incident ray, NO'P, is called the angle of incidence. The 
angle between the normal and the reflected ray, NO'E, is 
called the angle of reflection. 

But these are the angles which we have just proved to be 
equal, in the case of the ray PO' ; the same evidently is true 
of any other ray. Hence the laws of reflection may be stated 
as follows: 




Fig. 225. — Illustrating the law of reflection at 
plane surfaces. 
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At each point of the reflecting surface the angle of flection is 
equal to the angle of incidence. 

But this is exactly the manner in which we have found water 
waves behaving. When a wave coming from any direction strikes 



a solid pier at a definite angle of incidence, the reflected wave 
leaves the pier at the same angle on the other aide of the normal. 
From the preceding experiment it follows alao that the re- 
flected ray lies in the plane defined by the normal and the incident 
ray. 

PROBLEMS 

1. An object lying in front of a. plane mirror is moved 2 centimetres 
farther away frum tlie inirrur. Mow much doea tbia change tbe dislADce 
between the image and the object ? 

2. If tbe InminouB point, P, is 
placed at a very great distance from 
the tnirror, the rays of light falling 
upon tbe mirror will be practically 
parallel. Show that in this caae tbe 
reflected rays will also be parallel to 
each other. it a plane surface. 

Speed of Light 

333. A single flash of lightning lasting only a small fraction 

of a second will illuminate the entire landscape in suck a way 
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that the most distant parts of the landscape are seen at the 
same instant as the nearer parts. It is evident that if light 
did not travel at an enormous speed this would not be the ease. 
If, for instance, light travelled with the same speed as sound, 
it would be a full second after the flash of lightning before we 
could see points as far away as 1200 feet; and four seconds 
later we could see points a mile away. It was such evidence 
as this, perhaps, that led the ancients to think that light trav- 
elled with an infinite speed. But Galileo was not satisfied with 
a rough estimate of the speed of light. As we have already 
seen, he had a profound faith in accurate experiment ; accord- 
ingly he proposed to measure the speed of light as follows : 

Two observers, each provided with dark lanterns, were to be 
stationed on two distant hill-tops at night. When the first ob- 
server, at A (Fig. 227), sent a flash of light from his lantern, 




Fig. 227. — Galileo's plan for measuring the speed of light. 

the second observer, at B, was to make a similar signal as soon 
as the first flash was perceived. The interval between sending 
the first signal and receiving the answer might be supposed to 
be the time taken by the light in making one round trip between 
the hills. This experiment was tried by the Florentine Acad- 
emy. The conclusion was that the time required was not ap- 
preciable. 

We now know, however, that the time lost by the second 
observer in perceiving the first flash and deciding to send a 
return signal would occupy more time than is required for light 
to make a trip around the world. 



But the following most ingenious method was discov- 
ered and tried by Ole Roemer during the years 1675-1676 at 
the Paris Observatory. 
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Jupiter has five moons, one of which is larger and brighter 
than any of the others, and is called the " first satellite." Every 
time this moon, M, revolves about Jupiter, J, it is eclipsed to 
an observer on the earth, i.e. it passes into the shadow of Ju- 
piter, as indicated in Fig. 228. 

Roemer measured the period of this first moon very carefully, 
i.e. determined very exactly the average interval of time between 
two of its successive eclipses. Knowing this, of course he could 
predict the time of future eclipses. This he did; but on com- 
paring the predicted times with the observed times, he found 
that whenever the earth was in that half of its orbit next 
to Jupiter, ABC (Fig. 228), these eclipses occurred each a little 
earlier than the predicted time. But when the earth was in that 
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Fig. 228. — Roemer's method for measuring the speed of light. 

half of its orbit away from Jupiter, i.e. in the half marked 
ADC, the ellipses were each a little tardy in their appearance. 
And in particular when the earth was at the point B, nearest 
to Jupiter, the eclipse occurred about eight minutes earlier 
than the predicted time; while at D, a point most remote from 
Jupiter, the eclipse took place about eight minutes late. From 
this Eoemer concluded that eight minutes is the time required 
for light to travel from the point B, or the point D, to the 
centre of the earth's orbit, i.e. from the sun to the earth. This 
distance is 154 million kilometres. Hence, for the speed of 
light, Sf he obtained approximately 

o 154 X 10^ metres q^h -n. . , 

S = ; — = 309 million metres per second. 

498 seconds 
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This, of course, is the rate at which light travels in a vacuum ; 
for the region between the earth and sun is probably a very 
perfect vacuum. But experience shows that there is very little 
difference between the speed in air and in vacuum. 

Modern methods for determining the speed of light are better 
than that of Roemer. The best determination is that of Pro- 
fessor Michelson, who finds that in a vacuum S = 299853000 
metres per second. For all practical purposes we may use the 
more easily remembered figure, 300 million metres per second. 
Reduce this speed to miles per second, and enter the result on 
the margin of this page. 

Speed of Light in Media other than Air or Vacuum 

335. It will be observed that any determination of the speed 
of light must include the measurement of a distance and an 
interval of time. 

In order to measure the speed of light in water, or any other 
kind of ordinary matter, it is evident that we must employ a 
much smaller distance than that used by Roemer. But if we 
employ a small distance, the time interval becomes so minute 
that its measurement is a matter of the utmost difficulty. This 
difficulty was first overcome by the French physicist, Foucault, 
who, in 1850, proved beyond all doubt that light travels at a 
much slower rate in water than in air or in vacuum. And in- 
deed it has been shown since then that light travels more slowly 
in all kinds of matter than it does in a vacuum. 

Refraction at a Plane Surface 

336. We are now, for the first time, prepared to consider 
what is one of the most fundamental phenomenon in the whole 
subject of optics. Indians in spearing fish show themselves 
very familiar with the fact that the fish is not exactly where 
he appears to be in the water, but is always a little lower 
down. Boys in wading a creek generally learn that they have 
to roll their trousers higher than at first they thought neces- 
sary ; for the creek is always deeper than it appears to be. A 
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Fig. 229. 



lead pencil placed in a tumbler of water and looked down 
upon from one side appears to be sharply bent at the point 
where the pencil enters the surface of the water. 

One explanation of these three, and of all similar, phe- 
nomena is easily obtained by an experiment which is described 
by Lord Bacon, but which probably belongs to a century still 
earlier than his. He 
places a small piece of 
metal, say a coin, in the 
bottom of an opaque 
bowl ; and then gives his 
eye such a position, E, 
that he just cannot see 
any pail; of the coin P 
(Fig. 229). If now water 
be carefully poured into 
the bowl while neither 
the position of the eye 
nor that of the coin is 
changed, it will be seen 
that the coin is lifted 
into view, as indicated 
in Fig. 230. The change 
in direction of the ray 
PS J when it leaves the 
water and passes into 
air, is called refraction. 

In general, it is found 
that the ray emerging 
from water to air is bent away from the normal NS^ while 
a ray which enters the water from the air is always bent 
toward the normal. The same phenomenon happens when a 
ray enters the air from glass, as may be easily seen by making 
a straight scratch, BC, on a small piece of plate glass. If this 
glass be laid on a sheet of white paper in such a way that the 
scratch lies in the prolongation of a straight pencil mark, AB, 




Fig. 230. —Coin is lifted into view by the water. 
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the observer who views the scratch through the glass will see 
it appear to shift position to the right or left of the pencil 
mark according as the scratch is viewed from the left or from 
the right, i.e. the emergent ray is bent away from the normal. 
And what happens in the case of water and glass happens in 
general when a ray passes from any one medium to any other 
medium. ^ 




Fig. 231. — Refracted ray is bent away from the normal on emerging from glass 

into air. 

337. The first man who described all these phenomena in a 
simple manner was Willebrord Snell (1591-1626), a Dutch 
mathematician. His description is as follows : 

Let AS (Fig. 232) be any bounding surface separating two 
different media, say water and air. Take any point, S, on 

N 




Fig. 232.— Snell's description of the refracted ray. 

this surface and describe a circle about it as a centre. Let 
QS be any ray incident at JS ; the problem is to find the direc- 
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tion of the refracted ray SP. Snell discovered that this could 
always be done as follows ; viz. from Q let fall a perpendicular 
QL on the line NS, which is, drawn normal to the surface at S, 
Then, if we define PM as the perpendicular distance of P from 
this same normal, the ratio of QL to PM is a constant for any 
two media. This constant is usually indicated by w, and is 
called the index of refraction. 

QL/PM = constant = w = index of refraction. 

For water and air this constant is about 1.33 ; for ordinary 
glass and air its value is about 1.52. 

Definitions. The angle QSL, between the incident ray and 
the normal, we have called the angle of incidence ; it is generally 
denoted by i. The angle PSM, between the refracted ray and 
the normal, is called the angle of refraction; it is generally 
denoted by r. 

338. A neater statement of the law of refraction can be made by 
recalling the definition of the sine of an angle, from which it follows that 

Sin i = QL/ QS 
and sin r = PM/PS. 
But, since QS=PS, 

QL/PM = sin i/sin r = n. Eq. 40 

In other words, the sine of the angle of incidence is proportional to 
the sine of the angle of refraction for all directions of the incident ray. 

It has been found also that the refracted ray SP lies in the same plane 
with QS Siud NS, i.e. the refracted ray lies in the plane defined by the 
incident ray and the normal. 

PROBLEMS 

1. A ray of light passes through a piece of plane glass which is 2 inches 
thick and has parallel sides. The refractive index of the glass is 1.5. 
Draw, to scale, the path of the ray. 

2. Show that if the refractive index for a ray of light passing from 
air to water is 4/3, the refractive index for a ray passing from water 
to air is 3/4. 

3. Show from Fig. 232 that whenever n > 1 the refracted ray is bent 
toward the normal ; but whenever n < 1 the refracted ray is bent away 
from the normal. 
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Total Reflection 

Any one who takes the pains to examine minutely a 
freshly fallen snowflake will be impressed with the fact that 
snow is made up of small but transparent crystals of ice. The 
question now forces itself upon us : How does transparent ice 
acquire the brilliant whiteness of snow ? The same phenome- 
non has been observed by every one who has ever broken up a 
piece of clear ice with a hammer. The moment the ice is 
broken into small pieces it appears white. The same is true 
of finely broken glass. To explain this phenomenon, let us 
consider any point, P, in the interior of a solid piece of glass. 



AIR 
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Fig. 233. —The phenomenon of total reflection. 

Suppose a ray of light to leave the point Pi, and pass on 
through the surface AS. The angle of incidence is PiSMi, 
The incident ray has the direction PiS, but is refracted in the 
direction SQi. Imagine another ray to start from the point 
Pg • the angle of incidence now becomes P2SM1, the angle of 
refraction increases to, say, Q^SL. As the angle of incidence 
increases still farther, the refracted ray finally takes the direc- 
tion aSQs, that is, the refracted ray just grazes the refracting 
surface. The perpendicular from Q, let fall upon the vertical 
line NMi has now its largest possible value. What will hap- 
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pen, then, if we increase the angle of incidence to P^SM^ ? If 
refraction now occurs, the ratio QL / PM can no longer remain 
constant. It is observed that, under these circumstances, 
refraction does not occur. But if the angle of incidence ever 
exceeds the limit PJSM, the ray is reflected back at S into the 
glass. This phenomenon is called total reflection. There is 
then a certain limiting angle of incidence for any ray in glass, 
such that if this angle be exceeded the ray will not escape 
from the glass, but will be sent back into it. This is called 
the critical angle. The following table gives the critical angles 
for a few of the more important substances : 



Table op Critical Angles 




Diamond 


. 24° 


Ruby 


. 36° 


Rock Salt 


. 41° 


Crown Glass 


. 42° 


Turpentine 


. 43° 


Water 


. 48° 



A test-tube containing only air and held in a tumbler of 
water shows total reflection very nicely. Much of the light 
attempting to pass from the 
water through the test-tube 
fails, because the angle of 
incidence is greater than 
42°. A tumbler of water 
held a little above the level 
of one's eyes readily shows 
total reflection from the 
lower surface of water. 
(See Fig. 234.) 

We now see how snow 
appears so white. Any 
stray ray of light which 

enters a body of snow will, in general, penetrate only a few 
of the transparent crystals before it will strike some refracting 




Fig. 234. — Total reflection in a tumbler 
of water. 
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surface at an angle greater than the critical angle. It will 
then be totally reflected and will finally find its way out into 
the air again. A large proportion (not all) of the rays of light 
which fall on snow will therefore be sent back. But this is 
all that we mean by a white body, viz. one which reflects a 
large portion of all the light which falls upon it. 

PROBLEMS 

1. When is a ray more likely to be totally reflected, in a medium hav- 
ing a large critical angle, or in a medium having a small critical angle ? 
That is, if the direction of the incident ray be taken at random, in which 
case is the chance of total reflection greater ? 

2. Show how the refractive index may be determined as soon as we 
know the critical angle. Use Fig. 233. 

3. Consulting the Table of Critical Angles given above, explain why 
diamonds are so brilliant. 

Explanation of Refraction 

340. We shall now assume that the student is fairly famil- 
iar with the phenomenon of refraction ; and proceed to inquire 
whether it is like any other phenomenon which we have already 
studied, whether there is any simpler class of facts to which 
we can refer it as a special case, whether, in short, we can 
" explain " the phenomenon of the bending of the rays. 

An Illustration of Refraction 

Let us suppose that a regiment of soldiers is marching over 
a country interspersed with plowed fields; and suppose also 
that the regiment moves with a speed of 3 miles an hour over 
the smooth ground and 2 miles an hour over the plowed 
ground. Let AB (Fig. 235) represent the line which separates 
the smooth ground from the plowed. The arrows indicate 
the line of march, i.e. the arrows are at every point perpen- 
dicular to the front of the ranks. 

Consider any rank, say No. 8, which is just entering upon the 
rough ground. Evidently the right-hand end will be slowed up, 
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for the left end is now travelling one mile an hour faster 
than the right — the front will now form a slightly bent line, 
until the whole rank has crossed into the plowed region : and 
then the rank will again be straight, but it will be headed in a 




SMOOTH GROUND ' B 
SPEED = 8 Ml. PER HR. 



PLOWED FIELD 
SPEED =^ 2 ML PER HR; 



Fig. 235. — Refraction due to change of speed. 

direction slightly different from that which it previously had. It 

will, in fact, be " refracted." Not only so, but the line of march 
will be refracted toward the normal to the line BA, 

We have already seen (p. 308) that light travels more slowly 
in glass than in air. The refraction of rays of light is there- 
fore strictly analogous to the refraction of the line of march, 
each depending upon a change of speed in passing from one 
medium to another. 

Another Instance of Refraction 

We have already (p. 130) found by experiment that the speed 
of water waves depends upon the depth of the water in which 
they travel — the deeper the water the faster the wave travels. 
If now we consider a series of waves, whose crests are 
represented by the straight lines in Fig. 236, it is evident 
that when these waves cross the boundary line AB, they will 
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be deflected just as the soldiers are, and just as the rays of 
light are. This analogy between waves and light is essentially 




DEEP WATER B SHALLOW WATER 

Fig. 23o. — Refraction of water waves due to change of speed. 

due to Huygens (1629-1695), a brilliant Dutch physicist and 
mathematician. 

341. From what precedes it will be evident that the amount 
of bending (refraction) which a ray undergoes in passing from 

one medium to another depends 
entirely upon the ratio of the 
speeds of light in these two me- 
dia. If the speed is the same 
in each, there is no change in 
the direction of the ray. 

From Fig. 237 it is evident 
that, if CA represents the dis- 
tance which light travels in 
air, during the time required 
for it to travel from B to D 
in glass, we have 




Fig. 237. — The physical meaning of refrac- 
tive index. 



^P^f ■ '"^ f = -24 = ?ilL?" = „ = ref i-active index, 
speed m glass BD 
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as defined on p. 311. 
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342. We have already seen (p. 144) that energy is, in gen- 
eral, transmitted in either one of two ways, viz. by currents or 
by waves. By which of these methods does light travel from 
one point to another ? By currents, or by waves ? We have 
seen that light behaves like a stream of soldiers, also like a 
train of waves. 

Light a Wave Motion 

The first decisive answer to this question was given by Dr. 
Thomas Young (1773-1829), a London physician. He argued 
that if light is a wave motion, we ought to be able to add two trains 
of light waves together and produce darkness, just as (see p. 142) 
we add together two trains of waves in strings and thereby 
produce rest. If, however, light consists of currents of matter 
(emitted by the luminous body), as Newton had suggested, one 
cannot obtain darkness by adding two currents together. On 
the contrary, the two currents would produce more disturbance 
than either one alone, i.e. more light than either one alone. 

The manner in which Dr. Young added two rays of light is 
very simple, and will be clear to any student who has examined 
the phenomenon of diffraction described above, p. 300. We 
there found that a very small beam of light on passing through 
a small pinhole was spread out into a cone of light. 



OPAQUE 
SCREEN 




Fig- 238- —Diffraction of light through a single opening. 

An eye placed anywhere between the points A and A (Fig. 
238) will receive upon its retina, as upon a screen, one single 
series of disturbances through the opening at 0. What is really 
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seen is the image of S produced by the small opiening at O, and 
by the lens in the eye. Remember, the whole of the region 
included in the angle JjOA' is filled with light. 



OPAQUE 
SCREEN 




IMAQE OF 
SOURCE S 
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Fig. 239.— Two rays of light interfere to produce alternate brightness and darkness. 

But if two pinholes be made side by side in the opaque 
screen, each will furnish a cone of light, as represented in Fig. 
239. These two cones, ADA' and BOB', will overlap in the 
region between B and A'. An eye placed anywhere in this 
region will receive upon its retina two different series of dis- 
turbances, one from O, and another from O'. 

Under these circumstances one 
sees in the region between B and A' 
an image of the opening at S; and 
the image is filled with an alternar 
tion of bright and dark bands. These 
bands are symmetrically placed on 
each side of a bright central band. 

It will be observed also that as 
the opacpie screen of cardboard is 
rotated in its own plane these bright 
and dark bands also rotate, remain- 
Fig. 240.— Showing that the dark ing always at right angles to the 
bands depend upon the two pin- ^^^^ joining the two pinholes. (See 

Fig. 240.) 
Accordingly (Dr. Young argued) if light consists in a wave 
motion, we may expect to find that at any point, P (Fig. 241), 
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where the respective distances of the two openings, PO and P0\ 
differ by one-half a wave length, these two trains of waves annul 
one another and produce dark- 
ness ; but at any other point, of^eve 
Q, where the two paths, QO f 
and Q0\ differ by one whole q 
wave length, or any whole 
number of wave lengths, there 
the brightness will be greater 
than that due to either train 
alone. And this is exactly 
what he found to be the 
fact. Light from a bright point 
shining through two small openings in a card behaves like water 
waves from the sea rushing through two small openings in a break- 
water. Two trains of waves which combine with each other to 
produce alternately bright and dark bands in this manner are 
said to interfere ; and the phenomenon is called interference. 




Fig. 241 



Distance between Openings O and O' varied 

343. In Fig. 242 P is a point such that PO' -P0 = \/2', 
that is, P is a point such that the effect of one wave just annuls 

B 




o x=-^ 

2 



Fig. 242. — Distance of interference bands 
from each other depends upon the distance 
of the two pinholes from each other. 




Fig. 243. — Distance ot Interference bands 
diminishes as distance of pinholes in- 
creases. 



the effect of the other. P is any point on the first dark band 
to the left of the centre. Suppose now that the openings, 
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and O'y are placed farther apart, as in Fig. 243, it is evident 
that we shall not have to move so far along the screen, BA^y in 
order to make the paths, FO and PO', differ by half a wave 
length. So also for the next bright band, which we have called 



at 



3 



Fig. 244. — 1. A single ruling. 

2. Two rulings, 1 mm. apart. 

3. Two rulingrs. k mm. apart* 

4. Two rulings, ^ mm. apart. 

Q, it will not be necessary to go so far away from the centre 
in order to make QO differ from QO' by any given number of 
whole wave lengths. The farther apart the openings, the closer 
together are the bright and dark bands. 

Examine the slit in the lamp-chimney through a series of 
slits ruled on a piece of photographic plate as indicated in 
Fig. 244. 

344. Summary of Evidence for thinking Light a 

Wave Motion 

1. Light is diffracted as are waves when passing through a 
small opening. 

2. Light is reflected as are waves. 

3. The speed of light depends upon the medium through 
which it travels, as does the speed of waves. This change of 
speed gives rise to refraction in each case. 

4. Two rays of light interfere to produce alternate darkness 
and brightness, just as two trains of sound waves interfere to 
produce silence, and two trains of waves in a string interfere 
to produce rest. 

345. With this justification we shall hereafter speak of light 
as a wave motion. The continuous surface, each point of which 
is moving in the same phase, we shall call the wave front. For 
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instance, a particular wave front would be a surface at each 
point of which a particle is at the end of its swing in one direc- 
tion. This wave front may be thought of simply as a surface 
which is at any point perpendicular to the " ray " of light which 
passes through that point. 

" There really are no rays. The harder one tries to isolate a 
' ray ' by itself, by letting light go first through a narrow slit 
or pinhole, and then passing it through a second slit or pin- 
hole, the more do we find it impossible, for then we notice the 
tendency to spread more than ever. If the word ' ray ' is to be 
retained at all in the science of optics, it must be understood 
to mean nothing more than the geometrical line along which a 
piece of the wave front marches." — Silvanus P. Thompson, 
Light, Visible and Invisible, p. 12. 

This wave front corresponds to a wave crest as water waves 
traverse the surface of the sea. It is important, however, to 
note that the wave front, in the case of light waves, is always a 
surface, never a line, as is the crest of a water wave. 

Color produced by Dispersion 

346. The majestic phenomenon we observe in the rainbow 
must have been familiar to the earliest of men. The explana- 
tion of its color was, how- 
ever, first given by Newton 
(1643-1727). He showed 
that when a beam of white 
light, such as sunlight, falls 
upon a prism of glass, this 
beam is separated into a 
large number of different 
colors. The red is refracted 
least of all and the violet 
most of all; the remaining ^'^ '^'"'"/^dTed"^ 
colors of the rainbow are in- 
terspersed between these two colors in the following order: 
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Red Green 

Orange Blue 

Yellow Violet 

This observation of Newton's is most easily verified by hold- 
ing a prism immediately in front of the eye and viewing a 
small naked gas flame or a flame covered with the slotted tin 
chimney described above, p. 299. 

Let S (Fig. 246) denote the source of light, J, the point of 
incidence of any ray. The angle between any refracted ray 




Figf* 246. —A source of light viewed througfh a prism has its red edge on the 

side next the source. 

and the line SI produced is called the angle of deviation, or 
simply the deviation, for that ray. 

Since any image is seen in the direction in which the ray 
enters the eye, it is evident that these rays which are most 
refracted will give an image on the side away from the flame, 
as shown in Fig. 246. In the case of a glass prism it is seen 
that the blue light is most refracted. We know, therefore, 
that in glass blue light travels at a slower speed than red light. 
The student will do well to re-read Art. 335. In like manner, 
it is easily shown that yellow light travels at a slower speed 
than red, but at higher speed than blue. 

The band of color into which any source of light is drawn 
out by a prism is called a prismatic spectrum. 

From the preceding it is evident that the order in which 
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the colors are arranged in this spectrum is simply the order of 
their speeds in the material of which the prism is made. 

Color produced by Absorption 

347. On p. 293 we have considered the distinction between 
transparent and opaque bodies. It has been found, however, 
that most bodies are transparent to some colors and opaque to 
others. Red glass, for instance, is transparent for red light, 
but absorbs almost all other colors. A large amount of 
smoke or dust in the atmosphere makes air behave in the 
same way and produces the so-called " red sunsets." A solu- 
tion of indigo is more transparent for blue than for any other 
color. 

Color is sometimes produced by absorption at surfaces. A 
red brick building, for example, may be illuminated by white 
sunlight, but the bricks still appear red, because the brick 
surface has the power to reflect only red rays, other colors 
being largely absorbed in the surface of the brick. 

Application op Preceding Principles 

348. Concerning optical instruments, in general, it may be 
said that they are simply devices 
for changing the directions of rays 
of light. 

As we have seen from the pre- 
ceding pages, a ray of light is 
simply a normal to the wave 
front. It is evident, therefore, 
that anything which changes the 
shape or direction of the wave 
front will change the direction 
of the rays. One of the com- 
monest devices used for this pur- 

. Fig. 247. — Rays considered as nor 

pose IS a lens. mals to wave front. 
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Lenses 

349. Let 'S denote a luminous point, sending out rays in 
many directions. The wave front, wfi, will be a spherical sur- 
face of which S is the centre. 

Suppose now that we place before any wave front a piece of 
glass, Ly which is thick in the middle and tapers off gradually 




Fig. 248. — Middle portions of wave front are delayed over the outer portions by passing 

through thicker glass. 

all around to a thin edge. Since light travels only two-thirds 
as fast in glass as in air, it is evident that the middle portion 
of the wave front will be much more delayed in passing through 
the glass than those portions near the edge; for the thicker 
the glass the greater the delay. If, therefore, the wave front 




Fig. 249. — Outer portions of wave front are delayed in passing through this lens. 

is convex, on its advancing side, before it enters the glass, it 
will be less convex when it emerges from the glass. Such a 
piece of glass is called a converging lens. The middle portions 
may, indeed, be delayed so much that a wave front, which is 
convex before it enters the glass, is concave when it leaves the 
glass. (See Fig. 248.) 
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If, however, we interpose in the path of the light a glass 
which is thinner in the middle, as in Fig. 249, it is evident that 
the outer portions of the wave front, wfi, will be delayed over 
the central portions. The result of this will be to make the 
wave front more convex than before it entered the glass. A 
lens of this kind is called a diverging lens. 

The Focal Length of a Lens 

350. Let us suppose that the rays of light which fall upon 
a lens are parallel, or, what is the same thing, let us suppose 
that the incident wave front is a plane. The rays of light 
which come to us from the stars, the sun, the moon, or any 
very distant object, are nearly parallel. Under these circum- 



> 




Fig. 250. — Focal length of a converging lens. 



stances a converging lens will retard the middle of the wave 
front and change it into a concave surface, as indicated in 
Fig. 250. 

Lenses are ground in such a way as to make this emergent 
wave front very nearly spherical. The centre, F, of this spheri- 
cal surface is called the principal focus of the lens. The dis- 
tance from the principal focus to the centre of the lens is 
generally called the focal length of the lens, and is, in most 
cases, very approximately equal to the true focal length of the 
lens. The exact definition of focal length is a matter too diffi- 
cult for introduction here. 

If the lens be a diverging one, the same definitions hold, only 
in this case the effect of the lens is to push ahead the centre 
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of the plane wave front, i.e. the emergent wave front is a con- 
vex spherical surface and has its centre on the side of the lens 
next the source of light. The focal length of such a lens 
(Fig. 251) may be said to be negative. 



^^ 




Fig. 251 . — Focal length of a diverging lens. 

Returning now to the converging lens (Fig. 250), let us place 
at -F a luminous point; the direction of each ray will be exactly- 
reversed, and the wave front which emerges from the lens 
will be plane. The emergent rays will, therefore, be paral 
lei. This is the usual method of producing parallel rays in 
the laboratory. 

Let us denote the focal length of a lens by/. The power of 
a lens, which we may denote by P, is then defined as the recip- 
rocal of the focal length. For, the shorter the focal length of a 
lens, the greater the change it produces on the direction of rays 
passing through it ; hence its power is said to vary inversely 
as its focal length. 

P-\ I J- Defining equation for x!^„ # -t 

= 1//- power of a lens. M' 41 

A lens whose focal length is 1 metre is said to have a 
power of 1 dioptric. The dioptric is the unit of power for 
lenses. A lens whose focal length is \ metre has a power of 
2 dioptrics; and so on. The power of a lens is simply its 
ability to change the divergence or convergence of rays inci- 
dent upon it. 



The Concave Spherical Mirror 

3^, We next consider the effect of a concave spherical sur- 
face on a plane wave front. Imagine the surface to be pol- 
ished so that it will reflect the rays which are incident upon it 

Let )u/, be any plane 
wave front. It is evident ^ ""'" " 

that Ike outer edges of the 
wave front will strike the 
mirror first, and will be 
started back before the 
central portion of the 
wave front has reached 
the mirror. 

The effect of this will 
be to make the reflected """■ "^-C™"" '^^' «" " * cnv.rgine 
wave surface concave on 

the advancing side, i.e. a concave mirror acta in the same manner 
as a conversing lens. Its principal focus is at the centre, F, of 
the spherical wave front, just as in the ease of a lens. 

It can be shown by experiment, as well as by elementary 
geometry, that the distance of the focus from the centre of 
the mirror is exactly half the radius of the min-or. If Ji be 
the radius of the spherical mirror, and / the focal length of the 
mirror, 

f=R/2. "^ylZ^'""" ^1-i^ 



The Optical Axis of a Lens 

352. The only surfaces which can be ground in lathes with 
accuracy and ease are spherical surfaces, hence all lenses, prac- 
tically, are made with spherical surfaces, i.e. the shajie of a 
lens may be considered as the shape of a figure bounded by 
two spheres. 

The line joining the centres, A and B, of these two spheres, 
is called the axis of the lens. 

If one face of the lens is a plane, we may consider this plane 
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as a portion of a sphere of infinite radius. The centre of such 
a sphere will lie on the normal to the plane surface. 





Fig. 253. — A converging lens. 




Fig. 254. — A converging lens 
with one plane surface. 




Fig 255. — A diverging lens. Fig. 256. — A diverging lens 

with one plane surface. 

It will be observed that the axis of a lens is normal to each 

surface of the lens at the point where it passes through the 

surface. 

The Image produced by a Lens 

353. Up to the present we have considered only the wave 
front produced by one luminous point, O. And we have seen 




Fig. 257. — Image of a point produced by a converging lens. 

that the principal effect of a lens is to change the shape of this 
wave front so that the rays converge to another point, / (Fig. 
258). This point I is called the image of the point O. If the 



lens he a diverging one, the effect will be to scatter the rays, 
so that their prolongations backward couverge in a point / 
(Fig. 249). This point / is also called the im:^ of 0. 



Fig. 249-— Ima^ si a point produced by a diverging lens. 

To determine the position of this image, I, in a simple 
graphical way we have only to remember the following general 
principles : 

(1) A rsy falling on a lens in a direction parallel to Its axis 
passes, on emergence, tfarough the principal focus. 

(2) An incident ray which passes through the principal focua 
of a lens will emerge in a direction parallel to the axis. 

Thus, if (Fig. 258) be a himinoua point whose image in the 
lens L is desired, we have only to consider two rays emitted 
by the point 0, viz. OA parallel to the axis and the ray OFi 
; through the principal focus Fi- On emergence OA 




Fig. 25B. — Graphical 



must take a direction AF^ passing through the other principal 
focus, F-i. While OF, on emergence will take a direction, BI, 
parallel to the axis of the lens. The point of intersection, /, 
of these two rays is the im^e of the point 0. All other rays 
emitted by 0, and falling on the lens, pass through I. 
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Real and Virtual Images 

Those images in which the refracted rays actually intersect, 
as in Fig. 258, are called real images. Those in which only the 
prolongations backward intersect, as in Fig. 249, are called 
virtual images. Is the image produced by a plane mirror real 
or virtual ? 

Images of Surfaces 

354. For optical purposes, a body may be considered as a 
collection of luminous particles, or as a luminous surface. 

To find the image of a body which is not a point, we have, 
therefore, only to find the image of a large number of points. 




AXIS 



Fig. 259. — Image of a body produced by a converging lens- 

These may be located in succession by the same method which 
we have employed for a single point (p. 329). 

Figure 259 shows what kind of an image is given by a con- 
verging lens when the body is placed at a distance from the 
lens which is greater than the focal length. The image is 




Fig. 260— Image of a body produced by a diverging lens- 

inverted and real. If the lens be diverging, as in Fig. 260, we 
may trace as many points as we choose in the same method. 
Here we see that the image is virtual and erect. 
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Application to Optical Instruments 

I. The Photographic Camera 

A photographic camera, which is perhaps the sim- 
plest of all optical instruments, is merely a box fitted at one 
end with a converging lens and at the other end with a 
device for holding a plate which is 

sensitive to light. Etymology of ra — AAAAAAAAAAA-i 
camera 9 The sides of this box are | I L 

usually made of folded leather so | | 

that the distance of the plate, P I 
(Fig. 261), from the lens, L, may be l8-V\AAAAAAAMrJ 

varied at will. ^'^' 261.-Section of photo- 

graphic camera. 

The rear end of the camera is 
furnished also with a ground glass which may be placed in 
the same position that the sensitive plate is to occupy later. 

The^rs^ step in taking a photograph consists in placing this 
ground glass in such a position that the lens will produce upon 
it a sharp image of the object whose photograph is desired. 
This is called " focussing." 

The second step is to cover the lens so that no light can enter 
the camera; then put the sensitive plate in the position for- 
merly occupied by the ground glass and " expose " the plate by 
again uncovering the lens for the proper length of time. 

The third step is to "develop" and "fix" the plate, after 
which it is ready for "printing." 



A good photographic lens is one : 

(a) Which has the same focal length for yellow as for violet 
light; yellow rays being those which are principally used in 
focussing on the ground glass, violet rays being those which 
most affect the sensitive plate. 

(6) Which has the same focal length for the edges as for 
the centre of the lens. When this is so, the whole of the lens 
can be used, and the photograph taken with a short exposure. 
Such lenses are said to be " quick." 

(c) Which produces a distinct image, not only at the centre, 
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but clear out to the edges of the sensitive plate for which it is 

intended. 

II. The Human Eye 

2Sn. The eye, from an optical point of view, is a camera in 
which the sensitive photographic plate is replaced by a sen- 
sitive membrane, called the retina. This retina is connected 
with a nerve, called the optic nerve, which conveys the im- 
pression to the brain. 

In the front part of the eye is placed a converging lens, O ; 
this is called the crystalline lens. This lens projects upon the 

retina an image of exter- 
nal objects. The distance 
between this lens and the 
retina remains practically 
constant. How, then, can 
the eye see objects which 
lie at different distances 
from the eye? For it is 
evident from Fig. 258 that 
the distance of the image from the lens varies with the dis- 
tance of the object from the lens. The answer to this question 
lies in the fact that the muscles of the eye are able to change 
the focal length of the crystalline lens at will. The power of 
this lens is thus varied automatically to suit the distance of 
the object. This process is called accommodation."* 

In front of the eye hangs a dark-colored diaphragm, in the 
centre of which is an opening called the pupil. This aperture 
varies with the amount of light falling upon the eye. As the 
light grows brighter, the pupil contracts ; as the light grows 
less, the pupil enlarges. Examine the pupil of your own eye in 
a mirror after remaining for a few minutes in a dark room ; in 
a moment after coming into the light the pupil contracts again 
to its natural size. 

* Every physical laboratory should be provided with one or more 
skiascopic eyes. They cost very little, but make the structure and 
action of the eye very plain. 



Fig. 262. — Longfitudinal section of the human 

eye. 
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III. The Simple Microscope 

This instrument consists usually of a single converging 
lens of short focal length. The distinguishing feature of the 
simple microscope is that the lens is always placed at a distance 
from the object which is less than the focal length. Now, if 
the object, (Fig. 263), were placed exactly at the focus, the 
power of the lens would be just sufficient to flatten out the 
curved wave front, ^q/i, so that it would emerge as a plane wave 
front. But if the object be placed between the focus and the 
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Fig. 263. — The simple microscope. 

lens, as in this case, wf^ will be too convex for the lens to over- 
come its curvature entirely ; the emergent wave front, ty/o, will 
therefore still be convex on its advancing side. The image, 7, 
will, therefore, lie on the same side of the lens as the object, 0. 
The image will, therefore (p. 330), be virtual and erect. 
Since the image and the object subtend the same angle, ^, at 
the centre of the lens, it is evident that the image will be 
larger than the object in the following ratio : 

Size of Image _ Distance of Image from Lens 
Size of Object Distance of Object from Lens' 

which may be written as follows : 

l/0 = x,/x, '^''MrlXe.'""""' Eq.4S 
We might, of course, bring an object up close to the eye so 
that it would subtend an angle as large as that of the image 
seen through the microscope, but unfortunately the eye cannot 
accommodate for these short distances. The necessity for the 
microscope arises then from our limited power of accommoda- 
tion. 
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IV. The Astronomical Telescope 

The astronomical telescope is an instrument used for 
viewing very distant objects. The rays of light which fall 
upon the telescope are, therefore, generally parallel. 
The purpose of the telescope is twofold : 

(1) To gather a large amount of light and condense it into 
a small bundle of rays, so that these can all enter the pupil 
of the eye and thus make any luminous point appear much 
brighter than it would to the naked eye. 

(2) To magnify the angle subtended by two luminous points, 
and thus make them appear farther apart than when seen by 
the naked eye. 

These purposes are accomplished most simply by two con- 
verging lenses, L and E, The lens L is called the object lens, 
or simply the objective ; the lens E is called the eye lens, or 
more frequently, the eyepiece. 




Fig. 264. —The astronomical telescope. 

The wave front, wfi^ sent out by a star is practically plane 
when it strikes the objective, as is indicated in Fig. 264. The 
effect of the objective is to turn this plane wave front into a 
spherical one, wf^. Let i^' denote the centre of the wave front it/j- 
This is called the principal focus of the telescope. The eye lens 
is so adjusted that its principal focus also lies at F» Therefore, 
the rays which emerge from the eye lens are again parallel. 

The effect, therefore, of a large telescope, such as that at the 
Lick Observatory or at the Yerkes Observatory, is to take a 
bundle of parallel rays forming a cylinder a yard or so in diam- 
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eter and condense it into a small cylinder of parallel rays just 
large enough to enter the pupil of the eye. So that a star 
(which is practically a luminous point) appears immensely 
brighter when viewed through a telescope than it does to the 
naked eye. 

If two stars close together, say a double star, be viewed 
through a telescope, eac/i will send a beam of parallel rays 
through the instrument, as indicated in Fig. 265. But the two 




L 

Fig. 265- —The telescope as used to magnify an angle. 

parallel beams which emerge from the eye lens make with each 
other a much larger angle than do the two parallel beams which 
enter the objective. The telescope thus magnifies the angular dis- 
tance between two stars. It thus enables us to recognize stars 
as double when to the naked eye they appear single. For we 
can only distinguish two luminous points as separate when 
they subtend at the eye an angle which is greater than about 
two minutes of arc. 

V. The Spectroscope 

360. The four instruments we have hitherto studied behave 
practically in the same manner for all kinds of luminous rays, 
whether white or green or red or blue. We now take up the 
consideration of an instrument which enables us to distinguish 
between each of these various kinds of light. This is accom- 
plished most simply by the use of a prism, which, as we have 
already seen (p. 321), rotates a blue wave front through a larger 
angle than it does a red wave front. 

Any instrument employed to separate light of different colors 
or, more generally, light of different wave lengths, is called a 
spectroscope. 
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The prism spectroscope is generally made up of three 
parts, viz. a prism and two astronomical telescopes. They 
are arranged as indicated in Fig. 266, where S is the source of 
light which is to be examined. jF\ and Zj are the focus and the 
objective of one telescope. F2 and io the focus and objective 
of the other telescope. The prism P is placed between them. 
At Fi is a narrow slit, which is illuminated by the light to be 
examined. From each point on this slit will proceed a bundle 
of rays which will pass through the lens Li and emerge as 
parallel rays. 




EYC 



Fig. 266. —A prism spectroscope adjusted to view one particular color in the spectrum. 



The purpose of this telescope is to make the rays parallel ; 
it is, therefore, called the collimator. These parallel rays fall 
upon the prism ; but when they emerge from the prism each 
different color has a different direction, but all the rays of 
any one color have the same direction. 

The telescope L2, which is called the view telescope, is made 
movable so that it can be turned into the proper direction for 
observing any desired color. An eye placed in front of the 
eye lens will there see at F2 a colored image of the slit at 
jPi. By rotating the telescope about a vertical axis, one can 
determine just what colors are present in any source of light. 
The series of colored images thus seen is called the visual spec- 
trum of the source of light JS. 
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By placing a photographic plate at F^, these various images 
of the slit can be photographed. An instrument of this kind 
for photographing spectra is called a spectrograph. 

It is with such an instrument that much of our knowledge of 
the physical constitution of the sun and stars has been obtained. 
The discussion of the diffraction spectroscope, an instrument of 
marvellous power, must be left for the more advanced student. 

Summary of Fundamental Phenomenon in Optics 

1. Light moves in straight lines 

(a) when the medium is homogeneous ; and 

(b) when the rays are not compelled to pass through 

any very small openings. 

2. Kays of light when they strike a body are reflected, trans- 
mitted, or absorbed. Laws of plane reflection. 

3. Speed of light in vacuum is very nearly 300 million metres 
per second. 

4. Speed of light in all kinds of matter is less than in a 
vacuum. 

5. The refraction of light at any surface depends upon the 
relative speed of light in the media on each side of this surface. 

6. The total reflection of light. 

7. Evidence that light consists in a wave motion. 

(a) Light is diffracted, as are water waves, in passing 

through a small opening. 
(h) Light is reflected, as are water waves and sound 

waves. 

(c) Speed of light depends upon medium, as speed of 

water waves depends upon depth of water. 

(d) The rays of light may interfere and produce dark- 

ness. 

8. Converging lenses delay centre of incident wave front, 
and hence make wave fronts more concave on the advancing 
side of the wave front. 

9. Diverging lenses delay edges of incident wave front, and 
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hence cause wave front to emerge more convex than before it 
entered. 
10. Application of optical principles to 

I. Camera 

II. Human Eye 

III. Microscope 

IV. Telescope 
V. Spectroscope 
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APPENDIX TO CHAPTER IV 

Extract from Boyle's essay on A Defence of the Doctrine 
touching the Spring and Weight of the Air, pp. 156-159. 
(London, 1772.) 

" We took then a long glass-tube, which by a dexterous hand 
and the help of a lamp, was in such a manner crooked at the 
bottom, that the part turned up was almost parallel to the rest 
of the tube, and the orifice of this shorter leg of the siphon 
(if I may so call the whole instrument) being hermetically 
sealed, the length of it was divided into inches (each of which 
was subdivided into eight parts) by a straight list of paper, 
which containing those divisions, was carefully pasted all along 
it. Then putting in as much quicksilver as served to fill the 
arch or bended part of the siphon, that the mercury standing 
in a level might reach in the one leg to the bottom of the 
divided paper, and just to the same height or horizontal line 
in the other ; we took care by frequently inclining the tube, 
so that the air might freely pass from one leg into the other 
by the sides of the mercury (we took, I say, care) that the 
air at last included in the shorter cylinder should be of the 
same laxity with the rest of the air about it. This done, we 
began to pour quicksilver into the longer leg of the siphon, 
which by its weight pressing up that in the shorter leg, did 
by degrees streighten the included air: and continuing this 
pouring in of quicksilver till the air in the shorter leg was 
by condensation reduced to take up but half the space it pos- 
sessed (I say, possessed, not filled) before ; we cast our eyes 
upon the longer leg of the glass, on which was likewise pasted 
a list of paper carefully divided into inches and parts, and we 
observed, not without delight and satisfaction, that the quick- 
silver in that longer part of the tube was 29 inches higher 
than the other. 

Now that this observation does both very well agree with 
and confirm our hypothesis, will be easily discerned by him, 
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that takes notice what we teach ; and Monsieur Paschal and 
our English friend^s experiments prove, that the greater the 
weight is that leans upon the air, the more forcible is its 
endeavour of dilatation, and consequently its power of resist- 
ance (as other springs are stronger when bent by greater 
weights). For this being considered, it will appear to agree 
rarely well with the hypothesis, that as according to it the 
air in that degree of density and correspondent measure of 
resistance, to which the weight of the incumbent atmosphere 
had brought it, was able to counterbalance and resist the 
pressure of a mercurial column of about 29 inches, as we are 
taught by the Torricellian experiment; so here the same air 
being brought to a degree of density about twice as great as 
that it had before, obtains a spring twice as strong as formerly. 
As may appear by its being able to sustain or resist a cylin- 
der of 29 inches in the longer tube, together with the weight 
of the atmospherical cylinder, that leaned upon those 29 inches 
of mercury ; and, as we just now inferred from the Torricellian 
experiment, was equivalent to them. 

We were hindered from prosecuting the trial at that time 
by the casual breaking of the tube. But because an accu- 
rate experiment of this nature would be of great importance 
to the doctrine of the spring of the air, and has not yet 
been made (that I know) by any man; and because also 
it is more uneasy to be made than one would think, in regard 
of the difficulty as well of procuring crooked tubes lit for the 
purpose, as of making a just estimate of the true place of the 
protuberant mercury's surface; suppose it will not be unwel- 
come to the reader, to be informed, that after some other trials, 
one of which we made in a tube whose longer leg was perpen- 
dicular, and the other, that contained the air, parallel to the 
horizon, we at last procured a tube of the figure expresst in 
the scheme [_Fig, 68, p, 123 of text] ; which tube, though of a 
pretty bigness, was so long, that the cylinder, whereof the 
shorter leg of it consisted, admitted a list of paper, which had 
before been divided into 12 inches and their quarters, and the 
longer leg admitted another list of paper of divers feet in 
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length, and divided after the same manner. Then quicksilver 
being poured in to fill up the bended part of the glass, that 
the surface of it in either leg might rest in the same horizontal 
line, as we lately taught, there was more and more quicksilver 
poured into the longer tube ; and notice being watchfully taken 
how far the mercury was risen in that longer tube, when it 
appeared to have ascended to any of the divisions in the 
shorter tube, the several observations, that were thus suc- 
cessively made, and as they were made set down, afforded us 
the ensuing table : 

A Table of the Condensation of the Air 



A A. The number of equal 
spaces in the shorter leg 
that contained the same par- 
cel of air diversely extended. 

B. The height of the mer- 
curial cylinder in the longer 
leg that compressed the air 
into those dimensions. 

C. The height of the mer- 
curial cylinder that counter- 
balanced the pressure of the 
atmosphere. 

D. The aggregate of the 
two last columns, B and C, 
exhibiting the pressure sus- 
tained by the included air. 

E. What that pressure 
should be according to the 
hypothesis that supposes 
the pressures and expan- 
sions to be in reciprocal 
proportion. 
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For the better understanding of this experiment, it may not 
be amiss to take notice of the following particulars : 

1. That the tube being so tall that we could not con- 
' veniently make use of it in a chamber, we were fain to use 

it on a pair of stairs, which yet were very lightsome, the tube 
being for preservation's sake by strings so suspended that it 
did scarce touch the box presently to be mentioned. 

2. The lower and crooked part of the pipe was placed in a 
square wooden box, of a good largeness and depth, to prevent 
the loss of the quicksilver that might fall aside in the trans- 
fusion from the vessel into the pipe, and to receive the whole 
quicksilver in case the tube should break. 

3. That we were two to make the observation together, the one 
to take notice at the bottom how the quicksilver rose in the 
shorter cylinder, and the other to pour in at the top of the longer ; 
it being very hard and troublesome for one man alone to do 
both accurately. 

4. That the quicksilver was poured in, but by little and 
little, according to the direction of him that observed below, 
it being far easier to pour in more than to take out any, in case 
too much at once had been poured in. 

5. That at the beginning of the operation, that we might the 
more truly discern where the quicksilver rested from time to 
time^we made use of a small looking-glass, held in a con- 
venient posture to reflect to the eye what we desired to discern. 

6. That when the air was so compressed as to be crowded 
into less than a quarter of the space it possessed before, we 
tried whether the cold of a linen cloth dipped in water would 
then condense it. And it sometimes seemed a little to shrink, 
but not so manifestly as that we dare build anything upon it. 
We then tried likewise whether heat would, notwithstanding so 
forcible compressure, dilate it ; and approaching the flame of a 
candle to that part where the air was pent up, the heat had a 
more sensible operation than the cold had before ; so that we 
scarce doubted but that the expansion of the air would, not- 
withstanding the weight that oppresst it, have been made 
conspicuous, if the fear of unseasonably breaking the glass had 
not kept us from increasing the heaf 
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Abscissa, 4. 

Acceleration, definition of, 24; in S. 

H.M.,39; unit of, 25. 
Accommodation in human eye, 332. 
Acoustics, 14(). 
Addition of vectors, 7. 
Air pump, 120. 

Alternating current, 263, 267, 276. 
Ames, 34. 

Ampere, the, 271, 290. 
Amplitude of S. H. M., 37. 
Angle, unit of, 8. 
Angular speed, 21 ; velocity, 22. 
Anode, 256. 
Antinodes, 138. 

Archimedes, 70; principle of ,108. 
Argon, 116. 

Armature, 266, 280, 283. 
Axis of a lens, 327. 

Balance, 92-95. 

Balanced forces, 61. 

Barnes, 177. 

Barometer, 117. 

Battery, electric, 256. 

Beats, musical, 169. 

Bells, 169. 

Bicycle pump, 120. 

Blaserna, 177. 

Block and tackle, 73. 

Boiling point, effect of pressure on, 

207. 
Boyle's law, 122-125, 339. 

Calorie, defined, 209. 
Camera, photographic, 331. 
Capillarity, 109-113. 
Carlisle, 268. 



Cathode, 256. 

Celsius, 183. 

Centigrade scale, 183. 

Centre of mass, 87, 89. 

Centrifugal force, 56. 

Centripetal force, 56. 

Charles, law of, 202. 

Chrystal, George, 227, 231. 

Circle of reference, 37. 

Circular motion, uniform, 29. 

Clarionet, 175. 

Clifford, 34. 

Coefficients of expansion, 194. 

Collimator, 336. 

Color, 321, 323. 

Columbus, 221. 

Commutator, 259, 267. 

Component, definition of, 7. 

Compound pendulum, 84. 

Conduction of electricity, 235 ; of heat, 

184, liJ2. 
Conservation of energy, 68, 215. 
Consonants, 163. 
Convection currents, 187. 
Converging lens, 324. 
Copernicus, 85. 
Cornet, 175. 

Cosine, definition of, 38. 
Coulomb, 238. 
Criterion for S. H. M., 40. 
Critical angle, 313. 
Crypton, 116. 
Currents, 144. 

D'Arsonval galvanometer, 252, 262, 

282. 
Davy, Sir Humphry, 213, 268. 
Declination, magnetic, 221. 
Defining equation, 16. 
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Definition of astronomy, 42 ; bulk mod- 
ulus, 102; chemistry, 42; density, 
48; elasticity, 99 ; energy, 65; fluid, 
97 ; gas, 97 ; liquid, 97 ; momentum, 
angular, 49; momentum, linear, 48 ; 
path, 31 ; physics, 42 ; pressure, 102 ; 
strain, 99; stress, 99; work, 63. 

Density, 48. 

Deviation, angle of, 322. 

Diffraction, 298, 317. 

Diffraction spectroscope, 337. 

Diffuse reflection of light, 302. 

Dioptric, 326. 

Dispersion of light, 321. 

Displacement, S. H. M., 38. 

Dissipation of energy, 66. 

Diverging lens, 325. 

Door-bell, electric, 280. 

Drum, 176. 

Dufay, 236. 

Dynamo, 266. 

Dyne, definition of, 55. 

Echo, 155. 

Elasticity, 95-103; definition of, 99. 

Electric current, unit of, 271. 

Electric field, 239; pressure, 285; re- 
sistance, 275. 

Electrodes, 256. 

Electrolysis, 267, 271. 

Electrolytes, 253, 271. 

Electromagnet, 231, 265, 279. 

Electromotive force, 287. 

Electroscope, 234. 

Electrostatic induction, 241. 

Energy, conservation of, 68; dissipa- 
tion of, G&\ kinetic, Qk\\ potential, 
66 ; radiant, 190 ; transfer of, 144. 

Equilibrium, 90-92. 

Erg, 65. 

Ewing, J. A., 232. 

Expansion of gases, 200; of liquids, 
196; of solids, 193. 

Explanation, nature of, 110. 

Eye, human, 332. 

Eyepiece, 334. 

Faraday, 246, 248, 261, 271. 
Field magnet, 267. 
Fixed points on thermometer, 183. 
Fluid, defined, 97. 



Flute, 175. 

Focal length, defined, 325. 

Focus, principal, defined, 325. 

Force, centrifugal, 56 ; centripetal, 56; 

definition of, 53; moment of, 57; 

unit of, 55. 
Force pump, 118. 

Forces, addition of, 54; parallel, 88. 
Foucault, 308. 
Fourier, 187. 

Franklin, Benjamin, 236, 246. 
Free surface, 113. 
Frequency, 139, 166. 
Fulcrum, 71. 

Fundamental note, defined, 170. 
Fusion, heat of, 212. 

Galileo, 51, 76. 202, 306. 

Galvanometer, 250, 262, 282. 

Gases, thermal expansion of, 200; 

properties of, 113-125. 
Gay-Lussac, 202. 
Gilbert, Dr. William, 226, 233. 
Glazebrook, 34, 302. 
Gravitation, 7() ; acceleration of ,77-81 ; 

law of universal, 86. 
Gravitation pendulum, 82. 
Gravity cell, 266. 
Gravity, centre of, 87. 
Gray, Stephen, 240. 
Griffiths, E. H., 209. 
von Guericke, 116. 

Harp, 176. 

Heart, human, 119. 

Heat conduction, 184. 

Heat, nature of, 213; of fusion, 212; 

of vaporization, 213; radiation of, 

189; transfer of, 184. 
Helix, 279. 

Helmholtz, 163, 167, 171, 172, 177. 
Homogeneous bodies, 296. 
Hooke's law, 101. 
Human voice, 176. 
Huygens, 316. 
Hydraulic mining, 144. 
Hydrostatics, first law of, 105 ; second 

law of, 106 ; third law of, 109. 

Ice, effect of pressure on melting point 

of, 204. 
Illumination, 296. 
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Image, optical, 328 ; real and yirtual, 

330. 
Incandescent lighting, 276. 
Inclined plane, 74. 
Index of refraction, 311. 
Induction coils, 266 ; electrostatic, 241. 
Induction, of electric currents, 260; 

magnetic, 229. 
Inertia, 43 ; moment of, 50. 
Insulators, 235. 

Interference of waves, 140, 142. 
Interval, musical, defined, 168. 
Invariant, 124. 
Irradiation, 298. 

Joule, J. P., 213, 272. 

Joule's laws of electric heating, 273. 

Kelvin, 99, 283. 
Kinetic energy, 66, 68. 
Kirchhoff, 192. 
Kirchhoff's law, 191. 
Konig, Rudolph, 159. 
Krakatoa, explosion, 154. 
Kundt, 150. 
Kundt's tube, 151, 174. 

Lavoisier, 116. 

Law of Boyle, 122, 202; of Charles, 
202 ; of inverse squares, 86, 239 ; of 
Kirchhoff, 191; of Ohm, 284; of 
plane reflection, 304; of universal 
gravitation, 86. 

Laws of motion, Newton's, 51-61. 

Leclanchc cell, 257. 

Lens, crystalline, 332; photographic, 
331. 

Lenses, 324. 

Lever, 70. 

Lift pump, 120. 

Light, reflection of, 302 ; refraction of, 
308; speed of, 305. 

Limit, speed a limit, 17. 

Linear expansion, coeflicient of, 195. 

Liquids, expansion of, 196-200. 

Locus, definition of, 31. 

Ix)destone, 220. 

I^dge, Oliver, 34, 248. 

Lommel, 338. 

Longitudinal waves, 136, 149. 

Ijoop, l.'JS. 

Loudness of musical tone, 164. 



McCormack, 34. 

Mach, 34. 

Magnetic declination, 221; dip, 222; 
field, 224, 277; force, line of , 224 ; in- 
duction, 229; meridian, 221; quality, 
227. 

Magnetoscope, 222. 

Magnification, 333, 335. 

Major chord, 168 ; triad, 169; scale, 172. 

Manometric flame, 159-162. 

Mariner's compass, 220. 

Mario tti, 124. 

Mass, centre of, 89; comparer, 46; 
definition of, 45. 

Maxwell, Clerk, 34, 97, 181, 194, 246. 

Mechanical advantage, 71 ; equivalent 
of heat, 215. 

Melde's experiment, 140. 

Melting points, table of, 205. 

Mercury, expansion of, 197. 

Metre, definition of, 8. 

Michelson, A. A., 308. 

Microscope, simple, 333. 

Mirror, concave, 327 ; plane, 304. 

Moment of force, defined, 57. 

Moment of inertia, 50. 

Momentum, linear, 48; angular, 49. 

Motion, Newton's first law of, 51; 
simple harmonic, 36. 

Motor, electric, 283. 

Musical interval, defined, 168. 

Neap tides, 142. 
Neutral equilibrium, 91. 
Newton, 51, 155, 321. 
Newton's laws of motion, 51-61. 
Nicholson, 268. 
Nodes, 138. 

Noise, definition of, 163. 
Non-conductors, 235. 

Objective, 334. 
Octave, musical, 168. 
Ohm's law, 284. 
Ohm, the, 275, 290. 
Optical axis of a lens, 327. 
Optic nerve, 332. 
Ordinate, 4. 
Organ pipes, 173. 
Origin of cofirdinates, 4. 
Overtones, 170. 
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Parallel forces, 88. 

Paschal, 116. 

Path, definition of, 31. 

Peudulum, compound, 84; simple, 
82. 

Penumbra, 297. 

Periodof 8. H. M.,37. 

Perkins, C. A., 232, 236. 

Phase of S. H. M., 38. 

Photographic camera, 331 ; lens, 331. 

Physics, definition of, 42, 147. 

Piano, 176. 

Pitch, musical, 164. 

Point of reference, 3. 

Position, change of, 11 ; of a particle, 
3 ; of a body, 5. 

Potential energy, 66, 69. 

Pound weight, definition of, 92. 

Power of a lens, 326. 

Pressure, definition of, 102, 105 ; elec- 
tric, 285. 

Primary circuit, 265. 

Prismatic spectrum, 322. 

Proof plane, 235. 

Pulley, fixed, 72 ; movable, 72. 

Pumps, 118-121. 

Pure rotation, 12; translation, 12. 

Quality, musical, 166. 

Radian, definition of, 8. 

Radiant energy, 190, 192. 

Radiation of heat, 189, 192. 

Rate, definition of, 14. 

Ray of light, 321. 

Real image, 330. 

Rectilinear propagation of light, 293. 

References on motion, 34. 

Refiection of light, 302; of water 

waves, 131. 
Refraction, explanation of, 314; of 

light, 308 ; of water waves, 131. 
Regnault, 197. 
Keichsanstalt, 200. 
Resonance, 143. 
Resultant, definition of, 7. 
Retina of the eye, 332. 
Rigid body, defined, 95. 
Ripples, 132. 
Roemer, Ole, 306. 



Rubber, expansion of, 196. 
Rumford, 213. 

Scalars, definition of, 7. 

Scale, major, in music, 172. 

Schlieren-inethode, 150. 

Secondary circuit, 265. 

Second, unit of time, 14. 

Seebeck, 267. 

Shadows, 296. 

Shearing strain, 102 ; stress, 102. 

Simple harmonic motion, acceleration 
in, 39; amplitude of, 37; criterion 
for, 40; definition of, 36; displace- 
ment in, 38 ; period of, 37 ; phase ol, 

t5o. 

Simple pendulum, 82. 

Sine, definition of, 64. 

Skids, 74. 

Snell, Willebrord, 310. 

Solids, defined, 97. 

Sound, 146-177. 

Specific heat, 210. 

Spectrograph, 337. 

Spectroscope, 335. 

Spectrum, diffraction, 337 ; prismatic, 

322. 
Speed, definition of, 15 ; of light, 305. 
Sprengel air pump, 121. 
Spring tides, 142. 
Stable equilibrium, 91. 
Standard of length, 8. 
Statics, defined, 61. 
Stationary waves, 132, 142, 173. 
Steam engine, 216. 
Storage cell, 258. 
Strain, defined, 99. 
Stress, defined, 99. 
Stringed instruments, 176. 
Summary of facts concerning energy, 

70; of facts concerning motion, 33. 
Surface tension, 109-113, 132. 

Telegraph, electric, 280. 
Telescope, astronomical, 334. 
Temperature, 179-182; definition of, 

180. 
Thermodynamics, first law of, 215. 
Thermo-electric currents, 267. 
Thermometer, mercury, 182. 
Thermometry, 181. 
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Thompson, S. P., 290, 321, 338. 

Thomson, J. J., 248. 

Tidal waves, 134. 

Tides, 134 ; spring and neap, 142. 

Toepler, 150. 

Tone, musical, 163. 

Torricelli, 115. 

Total reflection of light, 312. 

Transfer of energy, 144 ; of heat, 184. 

Transformer, 265. 

Translucent bodies, 293. 

Transverse waves, 136. 

Trombone, 175. 

Tyndall, 177. 

• 

Umbra, 297. 

Uniform circular motion, 29. 

Unit of acceleration, 25; of angle, 8; 
of area, 10; of force, 55; of heat, 
209; of length, 8; of mass, 46; of 
speed, 18; of time, 14; of volume, 
10. 

Unstable equilibrium, 91. 

Vacuum pump, 120. 
Vaporization, heat of, 213. 
Vectors, 5 ; addition of, 7. 
Velocity, angular, 22 ; definition of, 13 ; 
of a body, 20 ; of sound in air, 156. 



Ventral segment, 138. 
Vibrating membrane, 176. 
Vibrations, forced, 136; simple har- 
monic, 35-41. 
Violin, 176. 
Virtual image, 330. 
Vocal cords, 176. 
Voice, human, 176. 
Volt, the, 287, 290. 
Volta, 252. 
Voltaic cell, 253. 
Vowels, 163, 176. 

Water, density of, 200; expansion of, 

199. 
Water waves, 128-132. 
Wave front, defined, 320. 
Wave length, definition of, 129. 
Wave motion, definition of, 127. 
Wave theory of light, 317. 
Waves, 120-145; in air, 150-153; in 

strings, 136-142; in water, 128-132; 

tidal, 134. 
Work, definition of, 63 ; unit of, 64. 
Wylie's experiment, 141. 

Young, C. A., 338. 
Young, Thomas, 100, 317. 
Young's modulus, 100. 
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BAILEY. — Lessons with Plants. By L. H. Bailey, Professor of 

Horticulture in Cornell University. $1.10. 

First Lessons with Plants. Chapters selected from above. 

" I know of no better book for guiding the young in their observation of 
nature than Bailey's 'Lessons with Plants.' Every young person ought to 
study this book. It gives me pleasure to recommend it to both teachers and 
pupils." — Reuben Post Halleck, Louisvilie, Ky. 
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